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ABSTRACT 


A new  high-temperature  Infrared  radiation  source  was  used  in 
conjunction  with  a rapid-scanning  spectrometer  to  obtain  absorption 
spectra  from  composite  solid  propellant  flames  during  both  constant 
and  transient  pressure  tests.  Also,  an  electro-optical,  hot-gas 
pyrometer  was  used  simultaneously  to  measure  flame  temperatures.  A 
secondary  variable-area  nozzle  was  used  to  impose  either  pressure 
oscillations  of  controlled  amplitude  and  frequency  or  single  pressure 
pulses  in  the  combustion  chamber  pressure.  The  oscillatory  pressure 
test'  had  a frequency  range  of  10  to  100  Hz.  and  an  amplitude  range 
of  2 to  10  psi.  The  propellants  studied  were  exclusively  composites 
of  ammonium  perchlorate  (AP)  and  hydroxyl -terminated-polybutadiene 
(HTPB). 

The  new,  high-temperature,  infrared  radiation  source  was  operated 
at  a brightness  temperature  of  2727°K.  The  rapid-scanning  spectro- 
meter scanned  the  2.5  to  5.5-um  region  in  approximately  0.50  msec,  at 
a repetit'*on  rate  of  800  scans  per  second.  The  electro-optical  hot- 
gas  pyrometer,  operated  in  the  visible  spectrum  in  accordance  with  the 
Schmidt  method,  yielded  data  at  a rate  to  give  4500  temperature  measure- 
ments per  second. 

The  3.17-um  HgO,  4.26-ym  C02»  and  4.72-wm  CO  absorption  bands  were 
quantitatively  calibrated  so  that  variations  in  the  gas  phase  concen- 
tration of  these  major  combustion  products  could  be  simultaneously 
measured.  A modified  absorbance  term,  which  included  the  relatively 


low  intensity  flame  emission,  was  used  as  the  calibration  parameter. 

A Beer-Lambert  type  plot  of  the  modified  absorbance  versus  the 
respective  specie  concentration  resulted  in  linear  calibration 
curves  over  the  concentration  ranges  studied. 

The  axial  concentration  profiles  revealed  COg  and  CO  concentra- 
tion gradients  in  the  region  between  3 mm  and  14  mm  from  the  propellant 
surface.  The  HgO  concentration  was  observed  to  be  constant  over 
this  same  region.  These  concentration  profiles  are  similar  to  those 
observed  in  hydrocarbon- oxygen  flames,  and  indicate  a non-equilibrium 
condition  close  to  the  surface. 

The  time-varying  nature  of  the  composition  and  temperature  at 
given  axial  locations  in  the  flame  was  studied  for  constant  and  tran- 
sient pressure  tests.  The  constant-pressure  profiles  contained  both 
high  and  low-frequency  oscillations.  The  high-frequency  oscillations 
(200-300  Hz.)  were  also  present  in  the  transient  pressure  tests  and 
are  believed  to  be  associated  with  inhomogenieties  along  the  optical 
path  length  in  the  flame,  and  were  not  phase  correlated.  The  low- 
frequency  oscillations  were  not  continuous  like  the  high-frequency 
oscillations,  but  rather  were  random  in  nature.  These  low-frequency 
fluctuations  were  typically  in  the  range  of  20  to  80  Hz.,  with  no 
preferred  frequency  being  apparent.  These  random  fluctuations  in 
the  composition  profiles  are  an  indication  of  local  changes  in  the 
composition  of  the  pyrolysis  products  leaving  the  propellant  surface. 

During  the  20  to  100  Hz.  oscillatory  pressure  tests,  the  compo- 
sition and  temperature  of  the  propellant  flame  oscillated  in  phase 
with  the  pressure.  The  CO2  and  CO  concentration  oscillations  were 
180®  out  of  phase,  and  the  H2O  oscillation  was  usually  in  phase  with  the 
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CO  oscillation.  The  CO2  concentration  increased  and  the  CO  concen- 
tration decreased  during  periods  of  pressure  increase,  and  vice  versa. 
The  amplitude  of  these  oscillations  were  many  times  those  observer 
during  the  constant  pressure  tests,  and  were  directly  dependent  on 
the  rate  of  pressure  change. 

The  single-pressure-pulse  tests  further  confirmed  this  pressure 
effect  on  the  relative  specific  gasification  rates  of  the  AP  and  HTPB. 

A single  pressure-increase  pulse  caused  an  initial  oxidizer-rich 
period  which  was  followed  by  random  fluctuations  in  the  gas  phase 
composition.  These  random  fluctuations  varied  in  frequency  and  ampli 
tude  from  test  to  test  and  within  individual  tests,  and  were  apparently 
independent  of  the  rate  of  pressure  change  over  the  range  studied. 

The  single  pressure-decrease  pulse  caused  an  initial  fuel -rich  period 
which  was  followed  by  an  AP-rich  period.  This  alternating  composition 
condition  was  continuously  repeated  during  the  depressurization.  The 
characteristic  time  associated  with  the  initial  composition  change 
was  15-20  msec  and  was  very  reproducible  from  run  to  run.  Although 
the  magnitude  of  this  initial  composition  fluctuation  was  directly 
dependent  on  the  rate  of  depressurization,  the  characteristic  time  was 
independent  of  the  rate  of  depressurization  over  a range  of  300  to 
700  psi  per  second.  Even  though  the  rates  of  pressure  change  were 
comparable  to  those  of  the  oscillatory  pressure  tests,  the  composition 
changes  during  these  single-pressure-pulse  tests  were  much  smaller 
than  those  of  the  oscillatory  pressure  tests. 

The  characteristic  time  for  composition  adjustment  corresponds 
to  a characteristic  frequency  of  approximately  25  Hz.,  which  is 
consistent  with  the  observed  difference  in  the  concentration  profiles 
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for  oscillatory  pressure  tests  below  approximately  20  Hz.  At  these 
low  frequencies,  the  concentration  oscillations  appeared  to  oscillate 
at  a frequency  slightly  different  than  that  of  the  pressure. 

The  absorption  spectra  for  the  three  major  combustion  products 
obtained  i.i  this  study  indicate  that  an  earlier  interpretation  of 
flame  emmision  data  during  transient  pressure  conditions  leads  to 
invalid  conclusions,  even  though  the  general  features  of  the  observed 
phenomena  were  similar  to  those  reported  in  this  study. 
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CHAPTER  I 
INTRODUCTION 

Simple  composite  solid  propellants  are  made  by  dispersing  a finely 
divided  crystalline  oxidizer,  such  as  ammonium  perchlorate,  in  a poly- 
meric fuel.  The  resuming  heterogeneity  of  composite  solid  propellants 
ha;  long  been  recognized  as  playing  an  important  role  in  both  the  steady 
and  the  transient  combustion  processes.  Over  the  years,  many  studies 
have  attempted  to  relate  the  scale  of  inhomogeneity,  the  oxidizer  particle 
size,  to  the  burning  characteristics  of  composite  propellants.  However, 
almost  without  exception  these  studies  were  aimed  at  the  gross  charac- 
terization of  various  propellants.  There  have  been  relatively  few 
fundamental  studies  of  the  effect  of  propellant  heterogeneity  on  the 
combustion  processes,  and  most  of  them  have  been  limited  to  stable 
combustion.  Also,  almost  all  of  the  theoretical  modeling  of  oscillatory 
combustion  has  been  done  with  the  assumption  of  a homogeneous  condensed 
phase. 

Derr  and  Osborn  [1]  observed  a change  in  the  steady-state  flame 
structure,  as  indicated  by  temperature  measurements,  adjacent  to  the  solid 
propellant  surface  when  the  oxidizer  particle  size  was  changed.  Several 
studies  [2,  3,  4]  have  dealt  with  the  effect  of  the  composite  propellant 
heterogeneity  on  the  propellants'  surface  structure  during  stable  combus- 
tion. These  studies  revealed  that  there  is  a difference  in  the  steady- 
state  gasification  rates  of  the  ammonium  perchlorate  (AP)  oxidizer 
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crystals,  and  the  fuel -binder  matrix  of  composite  solid  propellant. 

Also,  both  of  these  gasification  rates  have  different  steady-state  pres- 
sure dependencies. 

A recent  study  [5]  has  sho*vn  that  there  are  gas  composition  varia- 
tions in  composite  solid  propellant  flames  during  rapid  depressurization. 
These  composition  variations  are  caused  by  changes  in  the  apparent  gasi- 
fication rates  of  the  oxidizer  and  fuel-binder,  due  to  different  pres- 
sure-rate dependencies.  This  phenomenon  could  result  in  significant  gas 
composition  variations  in  composite  solid  propellant  flames  during 
oscillatory  combustion. 

The  objective  of  this  work  was  to  characterize  this  change  in  the 
gasification  rates  of  the  various  components  of  composite  propellants 
due  to  pressure  oscillations.  A rapid-scanning  infrared  spectrometer 
was  used  to  quantitatively  measure  the  absorption  by  propellant  flames 
during  externally  imposed  pressure  oscillations. 

Gasification  Rates:  Related  Studies 

The  previous  investigations  concerning  the  gasification  rates  of 
the  two  major  components  of  composite  solid  propellants,  the  oxidizer 
and  the  fuel-binder,  employed  two  kinds  of  experiments:  1)  steady-state 
pressure  tests,  and  2)  transient  pressure  tests. 

This  gasification-rate  phenomenon  was  originally  observed  by 
Bastress  [2,  6J  during  a comprehensive  investigation  of  the  steady-state 
burning  rates  of  composite  propellants.  Bastress  examined  the  extin- 
guished burning  surface  from  steady-state  pressure  tests.  Burning 
propellant  strands  were  extinguished  by  means  of  a rarefaction  wave, 
and  the  propellant  surfaces  were  .tudied  by  means  of  microscopic 
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exanr* nation  and  photomicrography.  A series  of  uncatalyzed,  unmetallized, 
AP-polysulfide  propellant  sauries,  both  unimodal  and  bimodal  oxidizer 
size  distributions,  were  extinguished  over  the  pressure  range  from  15  to 
1000  psia.  This  technique  produced  some  interesting  information  regard- 
ing the  heterogeneity  o^^  composite  propellants. 

At  low  pressurzs,  the  oxidizer  crystals  were  observed  projecting 
above  the  fuel -binder  surface.  However,  at  interiiiediate  pressures  the 
crystals  were  flush  with  the  fuel -binder  surface,  and  at  high  pressures 
the  AP  crystals  were  below  the  fuel -binder  surface.  Although  this  trend 
was  observed  for  all  oxidizer  particle  sizes  studied  (9  pm  to  265  un:) , 
it  was  obviously  easiest  to  observe  with  the  larger  particU  sizes.  In 
the  case  of  a bimodal  propellant  sample  burning  at  low  pressures,  the 
:ourse  oxidizer  particles  were  observed  projecting  above  the  surface  of 
the  fuel-binder  containing  the  fine  oxidizer  particles.  At  high  pres- 
sures the  large  particles  were  again  observed  to  be  below  the  fuel- 
binder  surface. 

During  steady  combustion  the  regression  rates  of  the  two  propellant 
components  must  be  the  same.  However,  the  gasifica^’ion  rate  can  be 
represented  as  vA  for  each  component, where  v is  the  gasification  rate  per 
exposed  surface  area  of  the  component,  and  A is  the  exposed  surface  area 
of  the  component  per  total  propellant  surface  area.  For  a given  propel- 
lant, during  steady  burning, 

V A 

■ = constant  , (1) 

'^fuei  ^fuel 

where  the  bar  denotes  the  time-average  values.  At  high  pressure, 
(Vpj^/v^yg^)  is  large,  and  (^ox^^fuel^  crystals  being 

exposed  only  at  the  bottom  of  the  observed  holes.  At  low  pressure. 
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(Vo^/V^uel^  is  small  and  large  with  the  ox’dizer  crystals 

protruding  above  the  propellant  surface. 

Recent  work  [3,  4]  using  a scanning  electron  microscope  (SEM)  to 

study  the  extinguished  burning  surfaces  of  composite  solid  propellants 
has  confirmed  the  observation  reported  by  Bastress.  Boggs  ^ a^.  [3] 
studied  uncatalyzed,  unmetallized  composite  solid  propellants  consisting 
of  ammonium  perchlorate  (AP)  and  either  polyurethane  (PU)  or  carboxy- 
terminated  polybutadiene  (CTPB)  fuel-binder.  Small  strands  of  these 
propellants  were  burned  over  a pressure  range  from  15  to  800  psic.  Once 
steady-state  conditions  were  attained,  the  propeMant  flame  was  extin- 
guished by  a rapid  depressurization  of  the  combustion  chamber.  The  SEM 
used  to  study  the  extinguished  surfaces  provided  magnificatic.;:  up  to 
100,000  X.  Also,  high-speed,  high-magnification  motion  pictures  were 
taken  while  the  strands  were  burning.  A comparison  of  s rface  structures 
observed  in  the  motion  pictures  and  those  of  the  extinguished  samples 
indicated  that  any  artifacts  introduced  by  the  extingifishment  method 
were  minor.  The  results  of  propellant  strands  (25%  PU,  74%  200-pm  AP) 
extinguished  at  both  100  and  800  psia,  clearly  showed  that  at  the  low 
pressure  the  specific  gasification  rate  of  the  AP  particles  is  less  than 
that  of  the  fuel-binder,  and  vice  versa  at  the  high  pressure.  The  low 
pressure  sample  also  indicated  that  the  AP  particles  were  apparently 
undermined.  Another  propellant  sample  (22%  PU,  78%  50  pm  AP}  showed 
this  same  undermining  when  extinguished  at  100  and  200  psia.  Tests 
designed  to  explore  any  possible  effect  of  the  fuel-binder  type  on  the 
surface  structure  were  conducted  with  a propellant  containing  CTPB  fuel- 
binder.  The  tests  revealed  the  same  type  of  results,  except  the  AP 
particles  did  not  appear  to  be  undermined.  These  studies  clearly 
revealed  that  the  steady-state  gasification  rates  of  the  AP  particles 
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and  the  fuel-binder  matrix  have  different  pressure  dependencies. 

Schulz  [5,  7]  studied  the  spectral  emission  (1.7  to  4.8  urn)  and 
temperature  of  various  composite  propellant  flames  during  extinguishment 
by  rapid  depressurization  of  the  combustion  chanter.  Propellant  samples 
v/ere  burned  in  a combustion  chamber  which  was  mounted  on  the  end  of  a 
rarefaction  tube.  The  propellant  samples  were  allowed  to  burn  stably 
for  a short  time  before  the  cellulose-acetate  diaphragm  in  the  rare- 
faction tube  was  ruptured.  Spectral  measurements  were  made  by  means  of 
the  same  Warner  and  Swasey  Model  501  Rapid-Scanning  Spectrometer  used  in 
the  present  study.  The  emission  spectra,  at  the  rate  of  800  per  second, 
and  a pressure  transducer  signal  were  photographically  recorded  from  an 
oscilloscope  display.  Flame  temperature  measurements  were  made  by  means 
of  the  emission-absorption  technique  at  the  sodium  D-lines.  Tho  flame 
temperature  measurements  were  not  made  simultaneously  with  the  spectral 
measruements  but  during  separate  "identical"  tests. 

Schulz  used  the  2.5-um  H2O  and  the  4.4-uni  CO2  emission  band  inten- 
sities as  a measure  of  changes  in  the  flame  gas-composition.  Because  of 
the  rapid  depressurization  rates,  which  also  produced  large  flame  temp- 
erature excursions,  it  was  impossible  to  relate  the  individual  emission 
band  intensities  directly  to  the  flame  species  concentrations.  However, 
equilibrium  calculations  'hov;ed  that  the  ratio  of  the  H20-to-C02  in  the 
propellant  flame  for  these  fuel -rich  systems  decreased  as  the  AP  level 
increased.  This  was  confirmed  with  steady-state  emission  tests  run  for 
various  propellants  containing  different  levels  of  AP.  Since  the  temper- 
ature effect  on  the  H2O  and  CO2  emissions  would  be  similar,  the  use  of 
the  intensity  ratio  approximately  compensates  the  temperature  effect. 
Also,  by  comparing  the  transient  ratios  from  depressurization  tests  with 
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the  measured  steady-state  ratios  at  the  same  pressures,  Schulz  approxi- 
mately treated  the  pressure  effect.  In  this  manner  Schulz  was  able  to 
detect  changes  in  the  effective  fuel-to-oxidant  ratio  in  the  propellant 
flames  during  rapid  pressure  decays. 

During  the  initial  depressurization,  the  intensity  ratio  indicated 
that  a more  oxidizer-rich  gas  was  being  produced.  However,  after  only 
several  milliseconds,  as  the  pressure  decay  proceeded,  a more  fuel-rich 
gas  was  generated.  Schulz  states,  "this  recovery  is  probably  due  in 
part  to  the  depletion  of  AP  on  the  propellant  surface."  For  many  of  the 
tests,  extinguishment  occurred  during  this  period  of  apparent  fuel -rich 
gas  generation.  The  flame  temperature  decreased  rapidly  during  the 
initial  depressurization,  lagging  behind  the  initial  drop  in  the  spectral 
intensity  ratio  only  slightly.  The  flame  temperature  recovered  at  about 
the  same  time  as  the  spectral  intensity  ratio.  Schulz  postulated  that 
during  the  rapid  pressure  decay,  the  rate  of  AP  gasification  increases 
relative  to  the  fuel-binder  rate  of  gasification.  Then,  as  the  pressure 
decay  rate  decreases,  the  relative  rates  of  gasification  reverse. 

In  an  effort  to  obtain  direct  evidence  of  the  postulated  indepen- 
dent gasification  rates  during  depressurization,  Schulz  tried  to  sepa- 
rately tag  the  oxidizer  crystals  and  the  fuel-binder  with  different 
metallic  additives.  The  spectrometer  was  operated  in  the  visible  region 
for  this  work,  and  the  spectral  emission  intensities  from  the  various 
metals  were  measured.  Originally,  either  sodium  or  potassium  permanga- 
nate was  co-crystal lized  with  AP  to  form  homogeneous  crystals.  Finely- 
ground  sodium  chloride  or  sodium  oxalate  was  used  to  tag  the  fuel -binder. 
The  manganese  emission  level  at  0.403  pm,  and  the  sodium  emission  at 


7 


0.589  um  were  used  to  monitor  the  relative  gasification  rates  of  the  AP 
and  fuel -binder  respectively.  These  tests  seemed  to  confirm  the  postu- 
late of  independent  gasification  rates  but  were  far  from  being  conclu- 
sive. However,  the  infrared  emission  intensity  ratio  studies  of  these 
propellants  containing  nonalkali  metallic  salts  failed  to  confirm  the 
postulate. 

These  metallic  compounds  apparently  produce  a coupling  of  the 
oxidizer  and  fuel -binder  gasification,  notwithstanding  the  observations 
in  the  visible  regio.i.  Further  tcjts  indicated  that  only  the  monovalent 
alkali  metals  did  not  affect  the  combustion  processes.  The  range  of  the 
spectrometer  did  not  allow  Schulz  simultaneously  to  tag  both  the  AP  and 
the  fuel -binder  with  different  alkali  metals.  Therefore,  separate 
''identical"  tests  were  run  with  differently  tagged  propellants.  The  AP- 
tagged  propellant  was  tagged  by  co-crystal li zing  sodium  perchlorate  and 
AP.  The  fuel -binder  tagged  propellant  again  used  very  fine  sodium 
chloride.  Comparison  of  the  sodium  emission  intensities  from  these 
separate  "identical"  tests  does  not  allow  a firm  conclusion,  but  the 
results  are  consistent  with  the  postulated  independent  gasification 
rates.  Although  Schulz's  study  was  very  qualitative,  it  is  one  of  only 
two  fundamental  studies  to  date  regarding  this  variation  in  gas-composi- 
tion due  to  independent  gasification  rates  of  the  AP  and  fuel-binder. 

The  other  study,  by  Eisel,  is  discussed  in  a following  section. 

The  new  high-temperature  infrared  radiation  source  developed  in 
this  laboratory  now  permits  quantitative  absorption  measurements  to  be 
made  of  flame  gas  compositions. 
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Infrared  Absorption  Spectroscopy  in  Flames 
The  temperatures  of  most  flames  of  interest  exceed  the  effective 
temperatures  (1 500-1 700°K)  of  conventional  infrared  sources.  Therefore, 
the  majority  of  the  spectral  studies  of  flames  have  been  either  emission 
studies,  or  absorption  studies  in  the  ultra-violet  and  visible  regions 
where  high-temperature  sources  are  available. 

Emission  spectroscopy  of  flames  will  not  be  discussed  in  detail. 

The  reader  is  referred  to  references  8 and  9 for  an  excellent  review  of 
flame  emission  spectroscopy.  Emission  is  largely  due  to  the  small 
fraction  of  the  molecules  or  atoms  that  are  in  an  excited  state.  These 
data  are  a measure  of  the  concentration  of  the  unexcited  atoms  or  mole- 
cules only  when  their  excited  companions  are  in  thermal  equilibrium  acd 
there  is  no  self-absorption.  Also,  the  correlation  of  the  emission 
intensity  and  the  concentration  is  a difficult  matter  and  can  be  realized 
in  only  a few  special  cases.  Thus,  although  emission  spectroscopy  is 
a powerful  qualitative  tool,  it  is  almost  impossible  to  obtain  quanti- 
tative information  from  emission  data. 

Absorption  spectroscopy  requires  a background  source  which  has  a 
bright  continuous  spectrum,  for  absorption  work  in  flames,  this  source 
must  have  a brightness  temperature  which  is  greater  than  the  effective 
brightness  temperature  of  the  flame.  This  requirement  has  limited  most 
absorption  spectroscopy  work  in  flames  to  the  ultra-violet  and  visible 
regions,  where  very  high  temperature  sources  are  available.  The  two 
most  common  sources  used  for  the  ultra-violet  and  visible  regions  are 
the  tungsten  strip-filament  lamp  (2800®Kj  and  the  xenon  high-pressure 
arc  lamp  (5000®K).  Many  of  the  stable  products  of  combustion  (H2O,  C02» 
CO)  do  not  possess  the  electronic  energy  levels  necessary  to  produce 


appreciable  absorption  of  radiation  in  the  ultra-violet  and  visible 
regions.  But  since  many  fuels  and  intermediate  combustion  products 
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Ci.e.,  acetylene,  formaldehyde,  propionaldehyde,  benzene,  NH^,  NH^,  OH, 
C2,  CH,  NH)  do  have  absorption  bands  in  these  regions,  ultra-violet  and 
visible  absorption  spectroscopy  has  been  used  to  study  the  reaction 
mechanisms  in  flames  [10,  11,  12,  13]. 

Many  of  the  stable  products  of  contustion  (i.  e.,  H2O,  CO2,  CO, 

NO),  as  well  as  many  unburned  hydrocarbons,  have  absorption  bands  in 
the  near  and  middle  infrared  region  (0.70  - 25  um),  making  infrared 
absorption  spectroscopy  an  ideal  in-situ  method  of  studying  many  combus- 
tion phenomena.  This  method  eliminates  the  need  for  sampling  probes, 
quenching  systems  and  the  like  associated  with  the  analytical  methods 
requiring  a representative  gas  sample.  Unfortunately,  the  two  conven- 
tional near  and  middle  infrared  background  sources,  the  Nernst  glower 
and  the  Globar,  have  maximum  operating  temperatures  of  approximately 
1700®K  to  ISOO^K  respectively.  The  Nernst  glower  is  an  electrically- 
heated  rod  of  fused  rare-earth  oxides,  and  the  Globar  is  an  electrically- 
heated  rod  of  bonded  silicon  carbide.  This  relatively  low  source  tem- 
perature has  restricted  the  use  of  infrared  absorption  spectroscopy  to 
studies  of  low  temperature  flames  [U,  15].  Cole  and  Minkoff  [16,  17] 
report  doing  infrared  absorption  spectroscopy  work  in  methane -oxygen 
and  ethylene-oxygen  flat  diffusion  flames.  They  report  that  the  flames 
studied  have  maximum  temperatures  approaching  3000°K,  but  the  operating 
temperature  of  the  Nernst  glower  is  not  reported. 

There  have  been  several  attempts  [18,  19,  20,  21]  at  developing  a 
new  high- temperature  infrared  source,  all  of  which  have  resulted  in 
varying  degrees  of  failure.  None  of  them,  with  one  exception,  are  known 
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ever  to  have  been  used  for  spectroscopic  studies.  The  exception  is  the 
carbon-arc  lamp  (3800°K)  which  has  been  used  as  a far  Infrared  source. 
There  are  several  problems  associated  with  using  the  carbon-arc  lamp  as 
a background  source:  band  emission  superimposed  on  the  continuum, 
and  atmospheric  H2O  and  CO2  interference  when  operated  in  its  normal 
mode  are  just  a couple.  Thus,  the  carbon-arc  lamp  has  been  limited  to 
specialized  applications.  The  new  high-temperature  (2800°K)  infrared 
radiation  source  developed  in  this  laboratory  is  not  plagued  by  these 
problems  and  is  ideal  for  quantitative  absorption  work  in  high  tempera- 
ture flames. 

Spectroscopic  Studies  of  Composite  Propellant  Flames 

Almost  all  of  the  spectroscopic  investigations  of  solid  propellant 
flames  have  been  emission  studies,  and  the  majority  of  these  emission 
studies  are  for  stably-burning  double-base  solid  propellants.  These 
studies  are  reviewed  in  reference  22  and  will  not  be  discussed.  There 
is  but  one  absorption-spectroscopy  study  [23]  of  solid  propellant  flames 
reported  in  the  literature,  and  this  study  is  for  a double-base  propel- 
lant. Only  four  spectroscopic  stuaies  [7,  24,  25,  26]  of  solid  propel- 
lant flames  during  unstable  burning  are  reported,  including  the  work  of 
Schulz  [7]  alreauy  discussed. 

Heath  and  Hirst  [23]  studied  stably  burning  cordite  strands,  both 
photographically  and  spectroscopically.  Besides  measuring  the  dimensionJi 
of  the  different  flame  zones,  they  recorded  both  emission  and  absorption 
spectra  in  the  ultra-violet  and  visible  regions.  In  the  dark  zone 
immediately  above  the  propellant  surface,  they  observed  some  absorption, 
which  they  attributed  to  aldehydes  and  other  organic  molecules.  They 
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did  not  observe  the  atomic  lines  of  sodium  and  potassium  in  this  dark 
zone,  indicating  that  these  metal  at.‘'tri  were  probably  not  in  the  gas 
phase  yet.  The  absorption  in  the  explosion  zone  was  contirr.jous  and 
complete.  They  concluded  that  the  explosion  zone  had  a sufficiently 
large  concentration  of  carbon  particles  to  cause  the  explosior-zone  to 
be  a blackbody. 

All  of  the  spectroscopic  studies  of  unstable  solid  propellant  com- 
bustion were  emission  studies,  and  one  of  them  is  of  double-base  solid 
propellants.  Diederichsen  and  Gould  [24]  recorded  the  photographic 
spectrum  of  the  near  ultra-violet  region  of  double-base  solid  propellants 
during  mechanically-imposed  pressure  oscillations.  They  did  not  identify 
any  of  the  spectral  bands,  but  they  did  observe  that  the  amplitude  of 
the  flame  radiation  oscillations  increased  toward  shorter  wavelengths. 
They  suggested  that  stability  grading  of  various  propellants  could  be 
done  using  this  short  wavelength  radiation. 

Kimball  and  Browlee  [25]  have  reported  preliminary  studies  of 
composite-solid  propellant  flame  emission  during  unstable  burning. 

Their  work  was  in  the  visible  region,  and  they  reported  NH,  CN,  CH,  OH, 
Ca,  Na,  K,  and  Fe  emission  at  one  atmosphere.  But  at  76  atm.,  they 
were  only  able  to  see  NH  and  OH  emission  above  the  continuum. 

Eisel  [22,  26]  studied  the  infrared  emission  spectra  of  composite 
solid  propellant  flames  during  L*,  or  bulk  mode  (BMI),  instability.  A 

series  of  propellants  (8055  AP,  ZQ%  estane-based  polyurethane),  differing 
only  in  distribution  of  AP  particle  sizes,  were  studied.  These  various 

propellants  were  tailored  to  be  unstable  at  low  pressures  (below  60  psia) 
and  at  low  frequency  (10  to  100  Hz.).  Eisel  used  the  rapid-scanning 
spectrometer  used  in  the  present  study,  to  record  alternate  flame 
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emission  and  flame  emiss Ion- absorption  spectra  (1.7  to  4.8  pm)  during 
unstable  combustion. 

Else!  used  flame  emission  spectra  (400  spectra  per  second)  to 
monitor  the  1.9-pm  H20>  4.3-pm  CO2,  ano  4.6>pm  CO  emission  intensities. 

A preliminary  shock  tube  study  was  undertaken  to  calibrate  emission 
Intensities  as  a function  of  partial  pressure,  temperature,  and  total 
pressure.  These  data  were  used  to  normalize  the  raw  CO2  emission  data 
to  fixed  values  of  temperature  and  pressure.  Eisel  states,  "variations 
then  noted  In  Intensity  are  attributable  to  a change  In  concentration." 
The  4.6-pm  CO  band  was  of  low  Intensity  and  was  badly  overlapped  by 
strong  adjacent  bands.  Therefore,  Eisel  states  that  "the  CO  data  must 
not  be  given  too  much  credence,"  and.  In  fact,  the  CO  data  are  not 
reported.  Also,  the  H2O  data  were  only  reported  in  the  form  of  raw 
H2O/CO2  Intensity  ratios.  The  flame  emission-absorption  data  (400 
spectra  per  second)  were  only  used  In  the  calculation  of  the  flame  tem- 
peratures, using  the  emission-absorption  technique  applied  to  the  4.3-pm 
CO2  band. 

Eisel  reports  observation  of  at  least  three  different  variations 
of  unstable  combustion.  These  are  described  as  bulk  mode  Instability 
(BMI),  "layer  frequency"  Instability,  and  local  Intrinsic  Instability. 

BMI  was  noted  by  oscillations  In  the  apparent  CO2  concentration  and  the 
flame  temperature  at  the  same  frequency  as  the  pressure  oscillations, 
and  both  were  consistently  leading  the  pressure  oscillations.  The  BMI 
frequency  was  controlled  by  the  particle  size  of  the  smaller  AP  particles 
(15-90  pm).  These  frequencies  were  only  approximately  related  to  the 
frequencies  predicted  by  Boggs  and  Beckstead's  [27]  "layer  frequency" 
concept.  However,  the  predicted  frequency  (approximately  3 Hz) 
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associated  with  the  larger  AP  particles  (600  pm)  was  approximately  equal 
to  the  observed  frequency  in  the  pressure  history  records  of  both 
unstable  and  stable  tests.  Eisel  observed  tests  where  both  the  apparent 
CO2  concentration  and  the  flame  temperature  oscillated  at  the  same 
frequency,  but  at  a frequency  different  from,  and  uncorrelated  to,  the 
pressure  oscillations.  He  refers  to  this  as  intrinsic  instability,  and 
explains  it  as  a situation  in  which  isolated  randomly  phased  regions  on 
the  propellant  surface  burn  with  a distinct  periodicity  unrelated  to  the 
pressure  or  flow  conditions.  It  should  be  noted  that  Ue  measured  flame 
temperatures  were  typically  600-800°K  lower  than  the  calculated  adiabatic 
flame  temperatures  for  this  propellant  system. 

Present  Study 

The  development  of  a new  high -temperature  (2800°K)  infrared  radia- 
tion source  in  this  laboratory  now  permits  infrared  absorption  measure- 
ments to  be  made  in  high  temperature  flames.  This  new  source  was  used 
in  conjunction  with  a rapid-scanning  infrared  spectrometer  (800  spectra 
per  second)  to  study  gas-phase  composition  variations  in  composite  solid 
propellant  flames  during  both  steady-state  and  oscillatory  pressure 
tests,  A rotating  valve  was  used  externally  to  impose  controlled  oscil- 
lations in  the  combustion  chamber  pressure.  The  2.5  to  5.5-pm  region 
was  scanned  in  approximately  0.50  millisecond,  and  the  S.U-yn  H2O, 
4.26-um  CO2,  and  4.72 -pm  CO  absorbances  were  measured.  The  system  was 
calibrated  for  changes  in  these  absorbances  as  a function  of  changes  in 
the  respective  species  concentrations.  Thus,  it  was  possible  to  measure 
variations  in  the  gas-phase  composition  due  to  the  changes  in  the  pres- 
sure-dependent gasification  rates  of  the  AP  and  the  fuel-binder.  Also, 
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an  electro-optical  hot-gas  pyrometer  was  used  simultaneously  to  measure 
flame  temperatures  at  a rate  of  4500  measurements  per  second. 


CHAPTER  II 

APPARATUS  AND  EXPERIMENTAL  PROCEDURES 

The  experimental  apparatus  consisted  of  five  main  sections:  (1) 
the  combustion  chamber,  (2)  the  rapid-scanning  spectometer,  (3)  the  high 
temperature  radiation  source,  (4)  the  flame- temperature  measuring  equip- 
ment, and  (5)  the  data  acquisition  equipment.  Figure  1 is  an  overview 
of  this  equipment. 

Since  the  development  of  a combustion  chamber  which  would  yield 
meaningful  quantitative  spectroscopic  data  was  a primary  objective 
during  the  initial  stages  of  this  study,  a complete  description  of  the 
combustion  chamber  is  given  in  the  following  section.  The  other  equip- 
ment is  only  briefly  described  in  this  chapter,  and  a complete  descrip- 
tion of  this  equipment  is  given  in  the  various  appendices. 

Combustion  Chamber 

The  design  of  the  combustion  chamber  was  dictated  by  the  following 
considerations: 

1)  A means  of  externally  imposing  oscillations  in  the  combustion 
chamber  pressure,  at  controllable  frequencies  and  amplitudes. 

2)  Windows  which  would  permit  measurement  of  infrared  absroption 
in  the  propellant  flame. 

3)  Also,  windows  which  would  ?How  independent  flame  temperature 
measurements  with  an  electro-optical  hot-gas  pyrome^-er. 


FIGURE  1.  AN  OVERVIEW  PHOTOGRAPH  OF  THE  EQUIPMENT.  A.  Infrared  radiation  source.  B.  Coi 
bustlon  chamber.  C.  Spectrometer.  0.  Hot-gas  pyrometer  source.  E.  Hot-gas 
pyrometer  detector.  F.  Fastax  camera.  G.  Fastax  controller.  H.  Spectrometer 
control  console. 
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I 4)  A gas  purging  system  which  would  flush  all  combustion  products 

! 

i directly  downstream,  thus  eliminating  any  recirculation  of 

f combustion  products  through  the  plane  of  the  spectrometer  beam. 

i 

^ This  purging  system  must  also  keep  all  windows  clean  during 

the  tests. 

The  above  constraints  resulted  in  the  combustion  chamber  shown  in  Figures 
2 and  3.  To  facilitate  easy  modification  of  the  original  combustion 
chamber  design,  the  chamber  was  built  in  three  separate  sections.  The 
central  portion  of  the  combustion  chamber  was  machined  from  a piece  of 
steel  8.9>cm  square  and  11.4-cm  in  length.  The  chamber  was  equipped 
with  two  sets  of  windows.  Two  sapphire  windows,  5.8-cm  in  diameter  and 
3.2-mm  thick,  were  mounted  on  opposite  sides  of  the  combustion  chamber 
and  were  open  to  the  3. 81 -cm  internal  diameter  of  the  combustion  chamber 
by  way  of  a milled  slot,  7.94-mm  wide  and  3.81-cm  in  height.  This  slot 
was  large  enough  to  permit  passage  of  the  focused  high- temperature  infra- 
red source  beam.  Sapphire  was  selected  as  the  infrared  window  material 
because  of  its  excellent  transmittance  in  the  2.5  to  5.5-ym  spectral 
region  and  because  of  its  excellent  physical  properties.  Two  quartz 
windows,  2.54-cm  in  diameter  and  4.67-mm  thick,  were  mounted  in  the  other 
two  opposing  sides  of  the  combustion  chamber  to  permit  the  simultaneous 
use  of  an  electro-optical  hct-gas  pyrometer  to  measure  flame  tempera- 
tures. The  hot -gas  pyrometer  was  operated  at  the  sodium  D-line  wave- 
length, 0.590  um,  and  thus,  sapphire  was  not  required  for  the  window 
material.  The  quartz  windows  were  open  to  the  inside  of  the  combustion 
chamber  by  way  of  a milled  slot,  7.94-mm  wide  and  1.91-cm  in  height. 

All  windows  were  sealed  by  means  of  0-rings  and  were  provided  with  gas 
purging  ports  necessary  to  keep  the  windows  clean.  Keeping  the  windows 


FIGURE  2.  A PHOTOGRAPH  OF  THE  COMBUSTION  CHAMBER.  A.  Safety  rupture  disk  assembly. 

B.  Infrared  window.  C.  Hot-gas  pyrometer  window.  D.  Pressure  transducer. 
E.  Dual-nozzle  assembly. 


FIGURE  3.  AN  EXPLODED  VIEW  OF  THE  COMBUSTION  CHAMBER. 
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Propellant  holder 
Propellant  holder  mount 
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in  both  optical  paths  dean  was  a primary  concern,  and  it  was  accom- 
plished in  the  following  manner.  A 4.75-mm  wide  and  0.254-mm  deep 
rectangular  relief  was  milled  In  the  surfaces  against  which  the  windows 
mated,  and  adjacent  to  the  length  of  each  window  slot.  A series  of 
equally  spaced  0.343-mn  diameter  holes  were  drilled  In  this  relief  area, 
connecting  the  relief  surface  with  a set  of  gas  purging  channels  located 
In  the  Interior  of  the  combustion  chamber  body.  This  configuration 
provided  a continuous  stream  of  gas  sweeping  over  the  surfaces  of  the 
windows,  and  then  flowing  down  the  optical  slots  and  into  the  combustion 
chamber.  This  technique  worked  exceptionally  well,  and  thus,  the  windows 
could  go  long  periods  without  cleaning.  To  permit  the  necessary  purging 
cf  the  entire  optical  path  between  the  source  and  the  spectrometer  with 
H20-C02>free  gas,  concentric  rings,  containing  0-rings,  were  welded 
around  the  sapphire  windows.  The  extension  tubes  from  the  source  and 
spectrometer  slipped  over  these  rings  and  completely  sealed  the  entire 
system.  This  central  portion  of  the  combustion  chamber  also  contained 
mounting  holes  for  a Statham  pressure  Transducer  (Model  PA285TC- 150-350) 
and  a safety  rupture  disk  assembly  (BS  & 6 No.  SA-8,  195  psig).  These 
holes  were  located  opposite  one  another  on  the  sides  of  the  combustion 
chamber  containing  the  smaller  quartz  windows. 

The  end  of  the  combustion  chamber  which  served  as  a mount  for  the 
propellant  holder  Is  shown  in  Figure  4.  This  end-piece  also  contained 
the  heart  of  the  gas  purging  system.  One  central  network  of  channels 
supplied  the  purging  gas  to  each  of  the  windows  and  to  a plenum  charrber 
directly  behind  the  sintered-stalnless  steel  frit  which  filled  the 
annulus  between  the  propellant  holder  mounting  hole  and  the  inside  of 
the  corrbustlon  chamber.  The  frit  provided  a uniform  axial  purge  stream 
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which  carried  combustion  products  directly  downstream. 

A rotating  nozzle,  used  in  parallel  with  a fixed  nozzle,  provided 
mechanically- imposed  oscillations  in  the  chamber  pressure.  The  nozzle 
assembly  is  shown  in  Figures  2 and  3,  The  mean  pressure  and  the  ampli- 
tude of  the  pressure  oscillations  could  be  changed  by  simply  changing 
the  size  of  the  fixed  and  rotating  nozzles  respectively.  The  fixed 
nozzles  were  made  from  carbon  inserts,  and  could  be  changed  vety  quickly. 
The  rotating  nozzles  were  made  of  brass  and  had  a cylindrical  body  shape. 

A hole  of  the  desired  nozzle  size  was  drilled  through  the  diameter  of 
the  nozzle  body,  and  then  the  two  ends  of  the  hole  were  milled  into  90‘" 
arcs  around  the  circumference  of  the  nozzle  body.  This  nozzle  configura- 
tion produced  approximately  sinusoidal  pressure  oscillations,  with  two 
pressure  cycles  for  every  one  revolution  of  the  nozzle.  The  rotating 
nozzle  was  held  in  place  by  ball  bearings  and  was  continuously  lubricated 
by  two  oil  cups  mounted  in  the  top  of  the  rotating  nozzle  housing.  The 
rotating  nozzle  was  driven  by  a variable-speed  DC  motor  (Bodine  Type  NSH- 
12R)  equipped  with  a Speed  Controller  (Minarik  Electric  Co.,  Model  SL14). 
This  motor-controller  combination  was  capable  of  driving  the  rotating 
nozzle  over  a range  from  600  to  6000  RPM.  The  rotating- valve  port  in  the 
nozzle  housing  was  threaded  so  that  a small  solenoid  valve  could  be 
attached  for  some  tests.  For  these  tests,  the  rotating  nozzle  was  opened 
and  used  as  a fixed  nozzle.  The  solenoid  valve  was  used  for  rapid  opening 
or  closing  of  this  fixed  nozzle,  and  thus  cause  a single  pulse  in  the 
chamber  pressure.  The  Fastax  Control  unit  was  used  to  coordinate  this 
valve  action  with  the  tests. 

The  above  describes  the  coui)Ustion  chamber  as  it  was  originally 
designed  and  built.  Preliminury  testing  revealed  that  two  nwdifi cations 
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had  to  be  made  to  eliminate  the  recirculation  of  combustion  products 
past  the  plane  of  the  spectrometer  beam.  The  combustion  chamber  had  to 
be  made  longer.  This  was  easily  done  by  placing  a 19.0-cm  extension 
between  the  central  portion  of  the  chamber  and  the  end  housing  the 
nozzles.  Also,  it  was  necessary  to  divide  the  chamber  into  two  sections. 
An  upstream  section  where  recirculation  was  prevented,  and  downstream 
section  where  recirculation  was  permitted.  These  two  sections  were 
isolated  by  means  of  a tapered  insert  which  made  the  inside  diameter  of 
the  chamber  converge  from  3.81  cm  at  the  edge  of  the  optical  slots  to 
2.54  cm  at  the  start  of  the  3.81-cm  inside  diameter  extension.  This 
converging  section,  and  then  sudden  expansion  back  to  the  original 
diameter  was  successful  in  separating  the  two  sections.  However,  a 
smaller  insert  was  necessary  in  the  middle  of  this  larger  converging 
inscift  to  prevent  recirculation  in  this  upstream  section.  The  thin- 
walled  middle  insert  converged  from  a 2.54-cm  ID  to  a 1.27-cm  ID  and 
was  the  same  length  as  the  larger  insert.  The  smaller  insert  had  three 
equally  spaced  studs  around  its  periphery  at  either  end  which  held  it 
directly  in  the  center  of  the  larger  insert. 

Both  propellant  ignition  posts  were  mounted  on  the  propellant 
holder.  One  ignition  post  was  silver-soldered  directly  to  the  holder, 
since  the  chamber  was  used  as  one  leg  of  the  ignition  circuit.  A small 
ceramic  tube  running  the  length  of  the  holder  insulated  the  other 
ignition  post  from  the  chamber.  The  0.25-mm  diameter  nichrome  ignition 
wire  was  embedded  in  a razor-blade-cut  slit  in  the  center  cf  the  propel- 
lant surface.  A fast  smooth  ignition  was  produced  by  applying  approxi- 
mately 12  VDC  to  the  ignition  wire. 


Spectronieter  and  High  Temperature  Source 

The  Warner  and  Swasey  (Controlled  Inst.  Div.)  Model  501  Rapid- 
scanning  Spectrometer  used  in  this  study  is  a single-beam  instrument, 
designed  for  studying  transient  spectroscopic  phenomena.  The  spectro- 
meter can  be  set  up  to  scan  various  selected  spectral  regions,  of 
approximately  X to  3A  in  length,  from  0.30-ym  to  U.O-pm.  The  spectral 
region  scanned  is  determined  by  the  grating,  filters  and  detectors  used. 
The  spectrometer  has  seven  scan  rates  ranging  from  1.0  msec,  to  100  msec., 
with  a corresponding  repetition  rate  range  of  8 to  800  scans  per  second. 
The  spectrometer  output  is  linear  in  time  and  wavelength.  Therefore, 
wavelength  instead  of  wave  number  is  used  in  reporting  the  data. 

Previous  work  in  this  laboratory  [7,  22]  indicated  that  the  most  useful 
spectral  information  for  composite  propellant  flames  is  in  the  2.5  to 

5.5- ym  region.  Thus,  the  spectrometer  was  set  up  to  scan  the  2.5  to 

5.5- ijm  region  at  a rate  of  800  spectra  per  second. 

The  high  temperature  infrared  radiation  source  used  with  the  spec- 
trometer was  a modified  version  of  a Warner  and  Swasey  Model  20  Synchro- 
nized Radiation  Source,  utilizing  the  new  vitreous  carbon  source  devel- 
oped by  Robert  J.  Law  [28].  The  vitreous  carbon  source  elements  were 
operated  at  a brightness  temperature  of  2725°K.  This  new  high-tempera- 
ture radiation  source  permitted  the  use  of  the  specteometer's  0.20 -mm 
entrance  and  exit  slits,  which  gave  good  spectral  resolution  and  an 
excellent  signal-to-no1se  ratio. 

The  combustion  chamber  was  located  at  the  common  focal  plane  of 
the  spectrometer  and  the  radiation  source.  The  relatively  long  optical 
path  had  to  be  purged  with  CO2-H2O  free  gas  in  order  to  eliminate 
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atmospheric  ^2^  absorption.  Both  the  radiation  source  and  the 

spectrometer  have  tunnels  which  extend  from  these  units  and  seal  to 
the  combustion  chamber,  which  facilitates  this  necessary  purging.  A 
complete  description  of  the  spectrometer  and  the  high  temperature  radia- 
tion source  is  given  in  Appendix  A. 

Equipment  for  Measuring  Flame  Temperature 

Flame  temperature  measurements,  independent  of  the  infrared  absorp- 
tion measurements,  were  made  with  an  electro-optical  hot-gas  pyrometer 
[29].  The  pyrometer  operation  is  based  on  the  spectral  emission-absorp- 
tion method  of  gas  pyrometry  often  called  the  Schmidt  method  or  Planck- 
Kirchhoff  method  [30].  Flame  temperatures  are  determined  by  simultaneous 
measurements  of  spectral  tadiance  and  spectral  absorptance  at  one  wave- 
length. Although  the  sodium  0-line  wavelength  Wc's  used  in  this  work, 
the  Schmidt  method  has  no  wavelength  restrictions. 

To  achieve  optimum  emission  and  absorption  at  the  sodium  0-line 
wavelengths,  a small  amount  (0.10  to  0.50  weight  percent)  of  finely- 
ground  sodium  chloride  was  added  to  the  propellant  formulations.  A 
tungsten-strip  lamp  was  used  as  the  pyr^-'meter 's  background  radiation 
source,  and  a chopper  wheel  containing  64  slots  around  its  periphery  was 
used  to  prechop  this  background  radiation.  The  chopper  speed  was  set 
to  produce  4500  interruptions  of  the  source  beam  per  second,  yielding  a 
maximum  of  4.5  temperature  measurements  per  millisecond.  An  RCA  7102 
photo-multiplier  was  used  as  the  radiation  detector,  while  an  interfer- 
ence filter,  transmitting  radiant  energy  only  from  0.5884  to  0.5914  pm, 
provided  the  very  narrow  spectral  band  necessary  in  the  Schmidt  method. 

A complete  description  of  the  electro-optical  hot-gas  pyrometer  and  the 
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Schmidt  method  is  given  in  Appendix  8. 

Data  Acquisition  Equipment 

The  output  signal  from  the  spectrometer,  the  electro-optical 
hot-gas  pyrometer,  and  the  pressure  transducer  had  to  be  recorded  simul- 
taneously. This  combination  of  equipment  generated  data  at  a treit)endous 
rate,  requiring  special  recording  and  measuring  equipment.  Precision 
tape  decks  can  be  used  when  the  spectrometer  is  operated  at  its  slower 
scan  speeds.  However,  at  its  fastest  scan  speed,  800  scans  per  second, 
the  frequency  response  requirement  prevents  the  use  of  tape  decks. 

The  problem  of  simultaneously  recording  these  data  was  solved  by 
using  a high-speed  Fastax  oscil lostreak  camera  {Wollensak  Model  WF-22'i) 
to  record  a triple-trace  oscilloscope  display.  The  developed  16-min 
films  were  analyzed  on  a modified  Recordak  microfilm  reader.  An  electro- 
mechanical device  used  to  measure  the  oscilloscope  deflections  recorded 
on  the  film  was  added  to  the  reader.  The  electrical  signal  from  this 
electro-mechanical  device  was  a direct  measure  of  vertical  distances  on 
the  display  screen  and  was  used  to  drive  a digital  printer.  The  print- 
out from  the  digital  printer  was  used  to  punch  up  data  cards,  and  all 
the  data  reduction  was  done  on  a Uni  vac  1108  digital  computer.  A com- 
plete description  of  the  data  acquisition  and  reduction  techniques  is 
given  in  Appendix  C. 


Miscellaneous  Equipment 

The  pressure  transducer  (Statham  PA285TC-1 50-350)  used  throughout 
this  work  was  a nonbonded  strain  gage  type  transducer,  with  a 0 to  150 
psia  range.  A nickel -cadmium  battery  was  used  to  supply  the  7.0  VOC 


excitation  voltage  during  most  of  this  work.  The  transducer  output  was 
linear  over  the  above  pressure  range,  and  with  the  7.0  VOC  excitation 
voltage  it  had  a sensitivity  of  0.380  mv/psi. 

Due  to  the  hazardous  nature  of  this  work,  all  tests  were  remotely 
controlled  from  outside  of  the  testing  area.  A solenoid  valve  in  the  gas 
line  provided  remote  control  of  the  combustion  chamber  purging.  A 
double  pole  switch  was  used  as  the  chamber  purge  switch  and  the  ignition 
switch.  The  camera-on  switch  of  the  Fastax  controller  was  also  located 
outside  the  laboratory.  In  addition,  the  mean  pressure  transducer  signal 
was  recorded  on  a strip  chart  recorder  (Leeds  and  Korthrup,  Speedomax  XL 
Series  600).  The  Speedomax  XL  has  a 1/3  sec.  response  time,  thjs  for  che 
oscillatory  pressure  tests  only  the  mean  pressure  signal  was  recorded  on 
the  strip  chart  recorder.  Since  the  Speedomax  XL  is  a two-pen  recorder, 
it  was  possible  to  record  a signal  from  the  Fastax  controller  indicating 
the  segment  of  an  oscillatory  pressure  test  during  which  the  Fastax 
camera  was  recording  data. 

In  addition  to  the  565  oscilloscope  used  to  record  the  data, 
another  oscilloscope  (Tektronix  Type  502)  was  used  as  a monitor.  The 
Type  502  is  a dual -beam  oscilloscope  and  was  used  to  monitor  the  spectro- 
meter and  the  electro-optical  hot-gas  pyrometer  signals.  An  oscillo- 
scope camera  (Tektronix  Model  C-12)  was  used  to  record  information  from 
this  monitor  oscilloscope. 

Two  motion  picture  cameras  were  used  to  study  the  nature  of  the 
propellant  flames  investigated.  During  the  preliminary  recirculation 
studies,  a 16-inn  Cine-Kodak  Special  camera  was  used.  The  Cine-Kodak 
Special  is  a framing  camera  which  can  take  a maximum  of  64  pictures  per 
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second.  Also  used  to  study  the  propellant  flames  was  a 16-mm  high-speed 
combination  framing-oscillographic  Fastax  camera  (Wollensak  Model  WF-17T). 
The  Wollensak  WF-17T  was  also  used  with  the  Fastax  controller,  and  it  has 
a maximum  speed  of  9000  pictures  per  second.  This  camera  has  two  lenses 
mounted  normal  to  one  another.  Thus,  making  it  possible  to  photograph 
the  propellant  flame  (framing  mode)  and  the  pressure  transducer  signal 
on  the  oscilloscope  (oscillographic  mode)  simultaneously.  Eastman  Kodak 
Ektachrome  EF  film  was  used  with  both  of  these  cameras. 

Propellant  Sample  Preparation 

All  the  work  in  this  study  was  done  with  uncatalyzed,  nonmetall ized 
composite  propellants.  Ammonium  perchlorate  (AP)  and  hydroxy-terminated 
polybutadiene  (HTPB)  were  use-l  exclusively  as  the  oxidant  and  fuel -binder 
respectively.  A complete  description  of  the  propellants  and  the  mixing 
procedure  used  in  their  preparation  is  given  in  Appendix  F. 

The  propellant  was  cast  in  slabs  approximately  2.5-cm  thick  from 
which  samples  were  cut.  Initially  cylindrical  samples,  15.5-mm  in 
diameter,  were  cut  from  the  slabs.  However,  a square  cross-section 
sample  was  decided  upon  for  the  following  reason.  A slight  misalignment 
with  a cylindrical  sample  can  cause  changes  in  the  effective  optical 
path  length  in  the  flame  from  run  to  run.  With  a rectangular  or  square 
sample,  this  same  misalignment  does  not  change  the  optical  path  length. 
Cylindrical  samples  were  used  for  only  part  of  the  preliminary  tests, 
and  all  the  data  runs  were  made  with  square  cross-section  samples. 

When  the  change  from  the  cylindrical  to  square  samples  was  made, 
the  size  of  the  samples  had  to  be  reduced  so  that  the  square  samples 
would  fit  on  the  same  propellant  holder.  Both  12.7-mm  and  11.1-mm  square 
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cross-section  samples  were  tried.  The  12.7-mn  samples  v«/ere  harder  to 
mount  on  the  propellant  holder  and  caused  more  melting  of  the  ignition 
posts.  Therefore,  the  11.1 -mm  samples  were  used  even  though  they  were 
approximately  the  same  size  as  the  height  of  the  projected  image  of  the 
spectrometer's  entrance  slit.  The  propellant  flame  is  conside^'ably 
larger  than  the  sample.  Analysis  of  the  high-speed  motion  pictures 
{1500  pictures  per  second)  on  the  film  reader  revealed  that  the 
central  core  of  the  flame  from  the  11.1-ttin  samples  was  at  least 
15-16  tm  across. 

A specially  machined  cutter  and  a small  arbor  press  were  used  to 
cut  11.1-mm  square  and  2.5-cm  long  samples  from  the  slab.  The  sides  of 
the  fresh  samples  were  leached  free  of  AP  by  placing  the  samples  in  a 
beaker  of  water  for  ten  minutes.  This  procedure  leached  just  a very  thin 
surface  layer  of  AP.  Once  the  sample  was  dry,  the  sides  of  the  propel- 
lant were  coated  with  a thin  acrylic  coating  (Krylon,  Borden  Chem.  Co.). 
This  method  of  inhibiting  the  sides  of  the  sample  resulted  in  a very  flat 
burning  of  the  propellant  surface.  The  samples  were  then  stored  in 
sealed  containers  until  used.  Just  before  the  samples  were  mounted  on 
the  propellant  holder,  they  were  cut  to  the  desired  length,  exposing  a 
fresh  surface  for  ignition.  A quick-setting  epoxy  cement  was  used  to 
fasten  the  samples  to  the  propellant  holder. 

Procedure 

The  spectrometer  was  continuously  purged  with  H20-free  air  when 
not  in  use.  Two  hours  before  tests  were  run,  this  purge  was  switched  to 
H2O-CO2  free  air  at  approximately  10-15  LPM.  One  hour  before  tests  were 
run,  the  argon  purge  (5  LPM)  of  the  high-temperature  source  and  all  the 
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electronic  equipment  was  turned  on.  Just  prior  to  a test,  the  internal 
source  in  the  spectrometer  was  used  to  check  the  background  CO2  level. 

A data  sheet  for  each  run  was  used  to  record  the  following  infor- 
mation: 1)  the  date,  the  run  number,  and  the  film  roll  number,  2)  the 

type  of  propellant  and  its  dimensions,  3)  the  type  of  run,  4)  the  oscil- 
loscope and  the  electro-optical  pyrometer  settings,  5)  the  Fastax  set- 
tings, 6)  the  infrared  source  temperature,  and  7)  miscellaneous  comments. 

After  the  propellant  was  mounted  in  the  combustion  chamber,  the 
following  sequence  of  events  occurred: 

1)  the  spectrometer  scan  wheel  was  started, 

2)  the  electro-optical  pyrometer  was  turned  on, 

3)  the  infrared  source  was  turned  on  and  adjusted, 

4)  the  traces  of  the  565  oscilloscope  were  adjusted  for  both 
intensity  and  position, 

5)  the  Fastax  camera  was  run  for  a short  period  to  record  the  base- 
line and  intensity  of  the  pyrometer's  background  source, 

6)  the  settings  on  the  Fastax  controller  were  changed  for  the  run 
conditions, 

7)  a small  purge  of  the  combustion  chamber  was  started  using  a 
small  bypass  valve  in  the  gas  line, 

8)  the  ignition-circuit  wires  were  attached  to  the  combustion 
chamber, 

g)  the  strip  chart  recorder  was  started, 

10)  the  ignition  and  full  chamber  purge  switch  was  closed, 

11)  when  ignition  was  indicated  by  the  pressure  trace  on  the  strip 
chart  recorder,  the  camera-on  switch  from  the  Fastax  controller 
was  closed. 
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12)  after  the  burn  was  over,  the  ignition-purge  switch  was  opened, 
and  the  strip  chart  recorder  was  turned  off, 

13)  the  pyrometer  source  and  the  infrared  source  temperatures  were 
checked;  the  difference,  if  any,  was  noted  on  the  data  sheet, 

14)  the  spectrometer  scan  wheel,  the  electro-optical  pyrometer, 
and  the  infrared  source  were  turned  off,  and 

15)  the  small  combustion  chamber  purge  was  turned  off  and  the 
propellant  holder  was  removed. 

The  burn  times  of  these  tests  were  approximately  5-10  seconds 
depending  on  the  type  of  propellant,  the  length  of  the  sample,  and  the 
chamber  pressure.  The  time  interval  between  step  #10  and  step  #11  was 
approximately  one  second.  The  length  of  time  between  step  #5  and  step 
#12  was  approximately  one  minute,  and  the  time  interval  between  step  #1 
and  step  #15  was  typically  six  to  eight  minutes.  All  tests  were  remotely 
fired;  that  is,  events  9 through  12  were  controlled  from  outside  the 
testing  area. 

The  temperature  of  the  tungsten  strip  lamp,  the  electro-optical 
hot-gas  pyrometer's  source,  was  checked  with  the  Leeds  and  Northrup 
optical  pyrometer  only  at  the  beginning  and  end  of  a set  of  runs  made 
each  day.  It  was  found  that  the  lamp's  current  was  an  excellent  measure 
of  the  filament  temperature.  Therefore,  the  ampere  meter  on  the  lamp's 
power  supply  was  used  to  check  the  filament  temperature  before  and  after 
each  run. 

Closing  the  camera-on  swit  h in  step  #11  started  two  different 
sequences  of  events  depending  on  the  type  of  test.  For  the  oscillatory 
and  steady-state  pressure  tests,  closing  the  switch  caused  the  camera  to 
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run  for*  a length  of  time  determined  by  the  Fastax  control  unit.  This 
interval  was  recorded  on  the  strip  chart  recorder,  along  with  the  overall 
pressure  history  of  the  test.  The  camera  tinier  was  usually  set  for  1.5 
to  2,0  seconds.  At  the  end  of  this  time,  the  camera  started  to  slow 
down,  taking  about  another  0.50  second  to  stop.  It  took  the  camera 
approximately  one  second  to  get  up  to  a film  speed  which  was  adequate 
for  analyzing  the  films.  This  resulted  in  1.0  to  1.5  seconds  of  usable 
data.  In  the  case  of  the  pressure  step-change  tests,  the  closing  of 
this  switch  again  caused  the  camera  to  run  for  a set  length  of  time. 
However,  a predetermined  length  of  time  after  the  camera  started,  the 
Fastax  control  unit  activated  the  solenoid  valve.  After  the  preset 
camera  time  interval  had  expired,  the  solenoid  valve  would  return  to  its 
original  position  and  the  camera  would  start  to  slow  down. 


CHAPTER  III 


PRELIMINARY  WORK 
Recirculation  Studies 

Developing  a system  which  would  yield  meaningful  quantitative 
spectroscopic  data  was  a primary  objective  during  the  initial  stages  of 
this  study.  The  principal  task  wai  to  eliminate  the  recirculation  of 
combustion  products  past  the  spectrometer's  beam,  so  that  only  the 
freshly  generated  products  in  the  flame  were  in  the  spectrometer's  view. 
The  recirculation  patterns  in  the  original  and  modified  combustion 
chamber  were  studied  both  photographically  and  spectroscopically. 

Initially,  cold  flow  spectroscopic  studies  were  made  using  the 
modified  propellant  holder  shown  in  Figure  4.  The  sintered  stainless- 
steel  frit  of  this  modified  propellant  holder  allowed  the  introduction 
of  an  infrared  absorbing  gas  at  the  normal  location  of  the  burning 
propellant  strand.  The  optical  slots  separating  the  infrared-passing 
windows  from  the  interior  of  the  combustion  chamber  were  purposely  made 
extra  long  so  that  the  spectrometer  beam  could  be  located  above  or  below 
the  location  of  the  propellant  strand  surface  to  detect  the  recircula- 
tion of  the  infrared  absorbing  gas.  During  these  tests  compressed  air 
was  used  as  the  purging  gas  (0^  and  N2  are  both  infrared  inactive),  and 
carbon  dioxide  was  introduced  through  the  sintered-stainless  steel  frit. 
The  strong  4.26-pnj  COg  absorption  band  was  used  to  monitor  the  recircu- 
lation of  COg  during  different  compressed  air  and  COg  flow  rate 
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conditions.  It  was  this  type  of  testing  which  lead  to  modification  of 
the  original  combustion  chamber,  as  discussed  in  the  preceding  chapter. 

Burning  propellant  strands  were  also  studied  in  the  above  manner, 
as  well  as  photographically.  The  major  finding  from  the  photographic 
studies  was  the  effect  of  the  purging  gas  type  on  the  nature  of  the 
combustion  process.  A Cine-Kodak  Special  camera  was  used  to  photograph 
(32  pictures  per  second)  the  burning  propellant  strand  through  the  large 
infrared  window  and  optical  slot.  When  compressed  air  was  used  as  the 
purging  gas,  large  fingers  of  flame  were  observed  propagating  upstream 
of  the  burning  propellant  surface,  along  the  sides  of  the  propellant 
strand.  This  observed  phenomenon  explained  why  even  inhibited  propellant 
strands  coned  badly  when  compressed  air  was  used  as  the  purging  gas. 
Motion  pictures  of  tests  made  with  a nitrogen  purge  did  not  reveal  these 
large  fingers  of  flame  propagating  upstream.  The  use  of  nitrogen  as  the 
purge  gas,  and  inhibiting  the  sides  of  the  propellant  strands  as  dis- 
cussed in  the  previous  chapter,  resulted  in  a very  flat  regression  of 
the  propellant  surface.  Spectroscopic  studies  above  and  below  these 
burning  propellant  strands,  in  the  final  combustion  chamber,  showed  no 
signs  of  recirculation  of  combustion  products.  Due  to  the  symmetry  of 
the  combustion  chamber,  this  finding  should  also  be  true  for  the  other 
sides  not  observed. 


Spectral  Characteristics 

The  absorpcion  spectrometry  was  done  entirely  in  the  middle  infra- 
red from  2.5  to  5.5  pm.  Since  many  of  the  common  combustion  products 
possess  absorption  bands  in  this  infrared  region,  it  is  ideal  for  flame 
studies.  Preliminary  information  concerning  the  expected  composition  of 
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the  combustion  products  from  the  propellants  being  studied  was  obtained 
from  an  equilibrium  computer  program.  A complete  description  of  this 
equilibrium  program  and  its  use  during  this  study  is  given  in  Appendix  E. 
These  equilibrium  calculations  revealed  that  the  major  gas-ptiase  combus- 
tion products  are  H2O,  CO2.  CO  HCl , and  ^2-  All  of  these  species, 
except  Hg  and  Ng.  have  absorption  bands  in  the  2.5  to  5.5-ym  region. 

These  absorption  bands  are  listed  in  Table  1.  The  strong  H2O  and  CO2 
bands  in  the  2.66  to  2.72-ym  region  overlap,  and  absorbances  in  this 
region  are  complicated  functions  of  both  the  CO2  and  H2O  concentrations. 
Also,  these  bands  were  very  close  to  the  cut-on  wavelength,  2.5  ym,  of 
the  filter  used  with  the  InSb  detector.  Both  of  the  above  conditions 
made  it  impossible  to  use  these  H2O  and  CO2  bands  for  any  type  of  quan- 
titative work.  Although  the  4.82  and  5.17-ym  CO2  absorption  bands  are 
isolated,  they  are  only  of  medium  strength  and  fall  in  a region  of 
rapidly  declining  infrared  source  intensity,  due  to  the  spectral  charac- 
teristics of  the  source,  the  spectrometer,  and  the  sapphire  windows. 

These  bands  were  barely  detectable  in  this  study  and  were  not  used.  The 
medium-strength  3.17-ym  H2O  absorption  band,  the  2v^  overtone  of  the 
symmetric  bending  mode,  is  well  isolated  and  was  used  to  measure  changes 
in  the  H2O  concentration.  The  3.46-ym  HCl  absorption  band,  the  funda- 
mental stretching  band,  is  very  broad  and  extends  from  3.3  to  3.8-ym. 

Even  though  the  equilibrium  calculations  indicated  that  a large  amount  of 
HCl  would  be  present  in  the  propellant  flames,  this  band  was  almost 
impossible  to  detect.  The  reason  for  this  is  the  relative  weakness  of 
this  band,  and  the  characteristic  spectral  shape  of  the  infrared  source 
spectrum.  No  attempt  was  made  to  use  this  absorption  band  during  this 


I 


36 


TABLE  1 

SPECTRAL  ABSORPTION  BANDS  OF  THE  MAJOR  EQUILIBRIUM  COMBUSTION 
PRODUCTS  OF  AP/HTPB  COMPOSITE  PROPELLANTS 
(Hertzberg  [33]) 


Wavelength  at  band  head 
(ym) 

Species 

Band  Strength 

2.66 

H2O 

very  strong 

2.69 

CO2 

strong 

2.74 

H2O 

strong 

2.77 

CO2 

strong 

3.17 

H2O 

medium 

3.46 

HCl 

medium 

4.26 

CO2 

very  strong 

4.66 

CO 

medium 

4.82 

CM 

0 

0 

medium 

5.17 


medium 
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study.  The  very  strong  4.26-um  CO2  absorption  band,  the  fundamental  V3 
antisymmetric  stretching  band,  is  well  isolated  and  was  used  to  measure 
changes  in  the  CO2  concentration.  Finally,  the  fundamental  CO  band  at 
4.66-vim  was  used  to  monitor  changes  in  the  CO  concentration.  The  spec- 
trometer resolution  allowed  identification  of  both  the  R branch  at 
approximately  4.62-um  and  the  P branch  at  approximately  4.72-iim.  The 
4. 72-um  branch  was  the  easiest  to  measure  and  was  used  throughout  this 
study.  A complete  description  of  these  absorption  bands  in  the  middle 
infrared  is  given  by  Hertzberg  [31]. 

These  above  absorption  bands  along  with  other  characteristic 
absorption  bands  in  the  2.5  to  5.5-pm  region  were  used  to  perform  a 
wavelength  calibration  of  the  spectrometer's  output.  The  output  of  the 
spectrometer  is  linear  in  both  time  and  wavelength.  Although  the  Fastax 
camera  used  to  record  the  spectra  was  rarely  up  to  constant  speed  during 
a test,  its  speed  was  essentially  constant  during  the  1.25-msec  time 
interval  between  adjacent  spectrometer  timing  marks  on  the  film.  A 
variable  scale  (Gerber  Model  TP007100B)  was  used  to  divide  this  linear 
time-wavelength  scale  between  adjacent  timing  marks  into  100  equal  divi- 
sions. The  resulting  wavelength  calibration  curve  is  given  in  Figure  5. 

The  3.17-jjm  H2O,  the  4.26-ym  CO2,  and  the  4.72-pm  CO  absorbances, 
£n  — - , were  calibrated  as  a function  of  the  respective  species  concen- 
tration in  the  flame.  Where  P®j^  is  the  incident  radiant  power  at  wave- 
length X,  and  Pj^  is  the  transmitted  radiant  power  at  wavelength  X. 
Beer-Lambert  type  calibration  curves  were  obtained.  The  full  details  of 
this  calibration  work  are  given  in  Appendix  A. 
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CHAPTER  IV 


RESULTS  AND  DISCUSSION 

During  this  study  spectrometric  data  were  taken  in  well  over  one 
hundred  runs,  not  including  the  large  number  of  preliminary  tests.  It 
was  virtually  impossible  to  reduce  all  of  the  data  into  final  form, 
and  it  was  equally  impossible  to  report  all  the  reduced  data.  The 
reported  results  are  typical  in  that  the  phenomena  presented  were 
observed  in  other  tests  as  well.  However,  tests  were  selected  to 
display  best  the  reported  phenomena. 

The  spectroscopic  nature  of  this  work  required  that  the  flames 
studied  be  as  optically  clean  as  possible,  and  thus  only  urmetallized, 
uncatalyzed  composite  propellants  were  studied.  Preliminary  tests 
were  made  with  different  propellants  having  ammonium  perchlorate  (AP) 
contents  ranging  from  78  to  87  weight  percent.  Emission  tests  with 
the  78  and  80  weight  percent  AP  propellants  revealed  a high  level  of 
continuum  emission  attributed  to  carbon  particles  in  the  flame. 
Although  the  85  and  87  weight  percent  AP  propellants  had  a very  low 
level  of  continuum  flame  radiation,  these  near-stoichiometric  propel- 
lant flames  also  have  a very  low  concentration  of  CO,  making  it  very 
hard  to  detect  and  measure  accurately  the  CO  absorption  band  on  the 
absorption  spectra.  Very  early  in  this  work,  it  became  apparent  how 
valuable  it  was  to  monitor  simultaneously  the  changes  in  both  the  CO^ 
and  CO  concentrations.  The  82  weight  percent  AP  propellant  was  ideal. 
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The  continuum  flame  radiation  was  relatively  low,  indicating  a low 
concentration  of  particulate  matter,  and  the  CO  absorption  band  was 
well  defined  and  easily  measured.  Therefore,  the  majority  of  the  tests 
in  this  study  were  made  with  one  propellant  formulation  (82^  AP,  17- 
17.25X  HTPB-IPDI,  1/2%  carbon  black,  and  1/4  - 1/2%  of  finely-ground 
NaCl),  A series  of  tests  were  also  made  with  80  and  85  weight  percent 
AP  propellants.  A full  description  of  the  propellant  formulations  used 
in  this  study  is  given  in  Appendix  F,  along  with  the  mixing  and  curing 
procedures  used  in  their  preparation. 

Three  different  types  of  propellant  combustion  conditions  were 
studied:  1)  steady-state  pressure  tests,  2)  mechanically  driven  oscil- 

latory pressure  tests,  and  3)  externally-imposed  single-pressure-pulse 
tes  ts . 


Steady-State  Pressure  Tests 

Although  the  pflmary  objective  of  this  investigation  was  to  study 
the  effect  that  externally  imposed  pressure  changes  had  on  the  gas- 
phase  composition  of  composite  propellant  flames,  a necessary  founda- 
tion for  this  work  was  the  study  of  the  gas-phase  composition  of  com- 
posite propellant  flames  during  steady-state  pressure  tests.  In 
particular,  the  study  of  the  axial  profiles  of  both  composition  and 
temperature  as  a function  of  distance  from  the  burning  propellant  sur- 
face, and  also  the  study  of  non-steady  composition  and  temperature 
fluctuations  at  a given  location  in  the  flame  as  a function  of  time. 

Axial  Concentration  and  Temperature  Profiles 

The  axial  profiles  of  both  composition  and  temperature  were 
studied  by  letting  an  extra-long  strand  burn  past  the  position  of  the 
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spectrometer's  beam.  Since  the  propellant  strand  completely  blocked  the 
optical  paths  of  the  spectrometer  and  electro-optical  pyrometer,  the 
time  at  which  the  regressing  propellant  surface  reached  the  plane  of 
the  spectrometer's  beam  was  easily  detected  on  the  film.  The  repeti- 
tion rate  of  the  spectrometer  and  the  burning  rate  of  the  propellant 
were  used  to  calculate  approximate  distances.  Figure  6 shows  the 
results  of  this  type  of  a steady-state  pressure  test,  where  the 
profiles  were  measured  at  four  different  axial  locations.  Although 
this  is  described  as  a steady-state-pressure  test,  the  chamber  pressure 
did  slowly  rise,  approximately  two  psi  during  the  several  seconds  over 
which  the  data  were  recorded.  Also,  the  pressure  trace  of  this  partic- 
ular run  contains  some  60  cycle  noise,  which  was  only  occasionally 
observed  in  the  pressure  traces  throughout  this  study.  The  most 
striking  feature  of  these  data  is  that  the  CO2  concentration  increases 
with  distance  from  the  propellant  surface,  and  the  CO  concentration 
decreases  with  distance  from  the  surface.  The  H2O  concentration 
remains  fairly  constant  over  the  interval  measured.  These  observed 
CO2,  CO,  and  H2O  concentration  gradients  are  typical  of  those  observed 
in  hydrocarbon- oxygen  flames  [32,  33]. 

Relatively  fast  reactions  produce  H2O,  CO,  H2,  various  radicals 
(OH,  H,  0),  and  other  intermediates  in  the  initial  part,  or  primary 
reaction  zone,  of  the  flame.  The  majority  of  the  H2O  is  produced  by 
the  following  relatively  fast  reaction 

RH  + OH  — ► H2O  + R , (2) 

where  R can  be  H,  CH^,  C2Hg,  etc.  The  CO2  is  produced  by  the  relatively 
slow  reaction. 
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CO  + OH  — ► C02  + H , (3) 

in  the  latter  part,  or  secondary  reaction  zone,  of  the  flanie  [33,  34], 
These  axial  CO2  and  CO  concentration  gradients  are  evidence  of  a non- 
equilibrium condition  at  distances  of  up  to  at  least  1.5  cm  from  the 
propellant  surface. 

These  observed  axial  concentration  gradients  were  further  con- 
firmed with  data  from  calibration  tests  using  various-length  propellant 
strands.  The  calibration  data  consisted  of  numerous  time-averaqed 
values  measured  at  various  axial  positions  in  the  flime,  and  they  also 
revealed  axial  concentration  gradients  for  the  CO2  and  CO,  but  not  the 
H2O.  The  calibration  data  are  discussed  in  Appendix  A. 

With  the  limited  amount  of  temperature  data  for  any  one  axial 
location  presented  in  Figure  6,  it  is  difficult  to  detect  any  trend  in 
the  axial  temperature  profile.  However,  it  is  clear  that  the  flame 
temperature  does  not  change  appreciably  over  the  measured  distance. 

More  extensive  temperature  measurements  at  the  3 - 5 mm  and  12  - 14  mm 
locations,  which  are  discussed  in  the  next  section,  show  that  the 
temperature  actually  decreased  30-50®K  over  this  distance. 

The  relatively  high  frequency  (200-300  Hz.)  oscillations  in  the 
concentration  and  temperature  profiles  of  this  test  were  universally 
observed  in  both  the  constant  and  transient  pressure  tests.  The  nature 
of  these  high  frequency  oscillations  will  be  discussed  later.  However, 
even  though  this  "noise"  was  of  a much  higher  frequency  than  most  of 
the  phenomena  being  studied,  it  partially  obscured  the  phenomena. 
Therefore,  a digital-filter  algorithm  was  incorporated  in  the  data- 
reduction  computer  program  to  eliminate  this  high  frequency  "noise"  in 
the  final  processed  data,  A complete  description  of  this  digital 
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filter  algorithm  is  given  in  Appendix  D.  With  the  exception  of  the 
material  in  Appendix  0 and  a few  of  the  initial  plots  in  this  chapter, 
all  of  the  data  presented  are  filtered  data.  The  raw,  unfiltered  data 
appear  in  tabular  form  in  Appendix  H.  The  initial-value  transients 
associated  with  this  filtering  algorit.’i  are  apparent  at  the  beginning 
of  many  of  the  filtered  data  plots.  Thus,  the  filtered  data  during 
the  first  five  or  ten  milliseconds  are  not  considered  to  be  valid  and 
were  not  used. 

The  effectiveness  of  the  filtering  algorithm  is  clearly  shown  in 
Figure  7,  where  the  data  presented  in  Figure  6 are  replotted  in  filtered 
form.  These  filtered  data  reveal  information,  regarding  the  nature  of 
the  concentration  fluctuations  at  any  given  axial  location,  which  is 
not  easily  detected  in  the  unfiltered  data.  Almost  without  exception, 
observed  increases  in  the  CO2  concentration  occur  simultaneously  with 
observed  decreases  in  the  CO  concentration  and  vice  versa.  These 
correlated  concentration  variations  are  similar  to  those  observed  when 
the  effective  oxidant/fuel  ratio  of  a flame  changes.  Although  the  H^O 
concentration  also  fluctuates,  these  fluctuations  appear  to  be  unrelated 
to  the  fluctuations  in  the  CO^  and  CO  concentrations.  This  observation 
is  discussed  in  more  detail  in  the  following  section. 

Measurements  at  Individual  Axial  Locations 

The  time-varying  nature  of  the  flame  temperature  and  composition 
at  given  axial  locations  was  studied  for  a large  number  of  steady-state 
pressure  tests.  No  attempt  was  made  to  keep  the  spectrometer  and  pyro- 
meter beams  at  a fixed  position  with  respect  to  the  propellant  surface. 
Therefore,  during  the  typical  100-125  msec,  interval  of  data-taking,  the 
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propellant  surface  regressed  approximately  0.25-0. 50-mm.  Since  this  is 
such  a relatively  small  distance,  the  axial  concentration  gradients 
will  not  be  noticeable  within  individual  tests.  These  data  not  only 
produced  information  about  the  steady-state  combus’ion  process,  but  also 
established  a basis  of  comparison  for  the  transient  pressure  data.  The 
data  plotted  in  Figures  8 through  11  are  representative  of  the  tempera- 
ture and  concentration  fluctuations  observed  in  the  constant  pressure 
tests.  These  data  are  from  the  same  test  as  those  plotted  in  Figures 
6 and  7 and  are  more  extensive  measurements  at  the  3-5  mm  and  12-14  mm 
axial  locations.  Before  the  filtered  data  are  interpreted,  a further 
discussion  of  the  high  frequency  oscillations  is  necessary. 

High  Frequency  Oscillations.  As  was  noted  earlier,  the  high 
frequency  oscillations  appear  in  the  temperature  profiles,  as  well  as 
in  the  three  species  concentration  profiles.  Although  the  oscillations 
in  each  of  these  profiles  are  approximately  of  the  same  frequency  {200- 
300  Hz.),  the  relatively  slow  scan  speed  of  the  spectrometer  {800  spec- 
tra per  second)  prevented  exact  definition  of  the  concentration  profiles 
The  excellent  time  resolution  of  the  electro-optical  hot-gas  pyrometer 
permitted  a detailed  mapping  of  the  unfiltered  temperature  oscillations. 
The  detailed  temperature  profiles  of  two  steady-state  pressure  tests 
are  shown  in  Figures  12  and  13.  The  data  of  Figure  12  are  most  repre- 
sentative of  the  nature  of  the  oscillations  observed  in  the  majority  of 
the  tests.  The  temperature  decrease  over  this  relatively  short  time 
interval  is  not  associated  with  an  axial  gradient,  but  instead  is  part 
of  a low  frequency  temperature  oscillation.  The  magnitude  of  this 
decrease  is  slightly  atypical  of  the  majority  of  the  constant  pressure 
tests. 
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FIGURE  8.  TEMPERATURE  AND  CONCENTRATION  PROFILES  AT  3-5  m.  FROM  THE  PROPELLANT  SURFACE  DURING  A 
CONSTANT-PRESSURE  TEST.  (82  wt.  AP  propellant  [UFI],  Run  No.  1-3774) 
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FIGURE  9.  FILTERED  FORM  OF  THE  TEMPERATURE  AND  CONCENTRATION  PROFILES  PRESENTED  IN  FIGURE  8. 


FIGURE  10.  TEMPERATURE  AND  CONCENTRATION  PROFILES  AT  12-14  mm  FROM  THE  PROPELLANT  SURFACE  DURING 
A CONSTANT-PRESSURE  TEST.  (82  wt.  V AP  propellant  [UFNl.  Run  No.  1-3774) 


FIGURE  11.  FILTERED  FORM  OF  THE  TEMPERATURE  AND  CONCENTRATION  PROFILES  PRESENTED  IN  FIGURE 


FIGURE  12.  temperature  PROFILE  AT  3-5  m\  FROM  THE  PROPELLANT  SURFACE  DURING  A CONSTANT-PRESSURE 
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Several  major  questions  need  to  be  answered  with  regard  to  these 
high  frequency  oscillations.  Are  the  oscillations  real,  or  just  mani- 
festations of  this  particular  experimental  system?  In  either  case,  what 
is  the  cause  of  these  oscillations?  The  various  aspects  of  the  experi- 
mental equipment  which  could  cause  apparent  temperature  and  concentra- 
tion fluctuations  will  be  discussed  first.  Since  these  oscillations 
have  been  detected  with  two  completely  separate  pieces  of  equipment, 
the  spectrometer  and  the  electro-optical  hot-gas  pyrometer,  the  oscil- 
lations apparently  are  not  electrical  or  physical  manifestations  of  the 
individual  pieces  of  equipment.  The  presence  of  common  mode  noise  in 
both  output  signals  is  always  a possibility.  However,  since  this  "noise" 
did  not  appear  in  either  signal  during  no-flame  conditions,  this  possi- 
bility is  eliminated. 

Are  the  oscillations  related  to  the  scale  of  propellant  hetero- 
geneity, like  the  layer  frequency  oscillations  postulated  by  Boggs  and 
Beckstead  [27]?  For  the  propellants  and  pressures  used  in  this  study, 
the  Boggs  and  Beckstead  model  predicts  layer  frequencies  of  approximately 
4-7  Hz.  and  50-90  Hz.  associated  with  the  course  (approximately  225  urn) 
and  fine  (15  ym)  ammonium  perchlorate  (AP)  respectively.  Since  the 
observed  oscillations  were  the  same  ordot  of  magnitude  as  those  predicted 
for  the  15-pm  AP,  tests  were  made  with  a unimodal  propellant  of  the 
course  AP  (approximately  225  pm).  These  data  also  had  the  same  high 
frequency  oscillation';.  Therefore,  we  have  no  grounds  for  an  affirmative 
answer. 

Recirculation  of  cool  combustion  products  between  the  flame  and 
the  windows  could  produce  oscillations  in  both  the  temperature  and 
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concentration  profiles.  As  is  discussed  in  the  previous  chapter, 
considerable  effort  was  devoted  to  eliminating  large-scale  recirculation 
flows.  Special  spectroscopic  studies  showed  that  large-scale  recircu- 
lation of  this  type  v;as  not  present  in  the  combustion  chamber  as  finally 
modified. 

An  oscillation  of  the  flame  shape  could  also  produce  fluctuations 
in  the  profiles.  High-speed  motion  pictures  (1300  pictures  per  second) 
revealed  a flickering  of  the  propellant  flames  during  both  steady  and 
unsteady  combustion.  This  flickering  can  produce  oscillations  by  two 
different  mechanisms.  Local  recirculation  at  the  edge  of  the  flame  can 
provide  eddies  of  gas  which  are  unlike  the  mean  gases  in  the  combustion 
zone.  Fluctuations  caused  by  such  small  scale  eddies  would  most  likely 
not  be  phase  correlated.  This  flickering  could  also  produce  changes  in 
the  optical  path  length  in  the  flame,  which  would  appear  as  apparent 
fluctuations  in  the  species  concentrations.  Apparent  concentration 
oscillations  of  this  type  would  be  phase  correlated.  Even  though 

the  relatively  slow  scan  speed  of  the  spectrometer  prevented 

exact  definition  of  the  concentration  profiles,  there  is  no  hint  of  the 

observed  concentration  oscillations  being  in  phase  with  one  another. 

The  visually  observed  flickering  of  the  flames  appeared  to  increase  in 
both  frequency  and  amplitude  with  increasing  distance  from  the  propellant 
surface.  Thus,  the  visual  flame  structures  at  the  3-5  and  12-14-mm  axial 
locations  were  radically  different.  However,  the  observed  high-frequency 
oscillations  in  the  concentration  profiles  at  these  two  axial  locations. 
Figures  9 and  11,  are  not  appreciably  different.  It  is  possible  that 
although  there  were  visual  differences  at  the  two  axial  locations, 
spectroscopically  they  were  similar. 
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This  flickering  of  the  flames  could  produce  an  oscillation  in  the 
observed  flame  temperature,  if  the  effective  absorptivity  of  the  flame 
was  altered.  The  temperatures  measured  are  average  temperatures  {not 
a path-length  arithmetic  average),  and  self-absorption  tends  to  increase 
the  weight  of  the  region  closest  to  the  detector.  Therefore,  if  the 
flickering  causes  the  absorptivity  on  the  detector  side  of  the  flame  to 
fluctuate,  a resultant  oscillation  in  the  flame  temperature  could  be 
observed.  Segments  of  the  temperature  profiles  of  Figures  8 and  10  are 
presented  in  detailed  form  in  Figures  H and  15.  Again,  there  is  no 
appreciable  difference  between  the  profiles  at  the  3-5  and  12-14-mm 
axial  locations.  The  one  large  temperature  spike  in  Figure  15  is  not 
representative  of  the  temperature  profile  at  this  axial  location,  as 
is  shown  in  Figure  10. 

High  frequency  oscillations  were  also  observed  in  the  flame-emis- 
si on- intensity  profiles  from  flame-emission-only  tests.  However, 
these  oscillations  were  in  phase  with  one  another  and  appeared  to  be 
aspectral  in  nature.  Changes  in  the  flame's  optical  path  length  due  to 
the  observed  flame  flickering  is  believed  to  be  one  possible  explanation 
of  these  aspectral  flame  radiation  fluctuations.  These  tests  are 
discussed  in  Appendix  A. 

The  large  temperature  fluctuations  at  fixed  axial  positions  above 
the  surface  of  composite  propellants  observed  by  Oerr  and  Osborn  [1] 
were  attributed  to  inhomogeneities  in  the  reaction  zone.  Previous 
temperature  profiles  in  propellant  flames  had  been  obtained  by  letting 
the  propellant  strand  burn  past  the  measurement  point,  such  that  only 
a single  scan  of  the  temperature  profile  was  obtained.  Oerr  and  Osborn 
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used  a servo-controlled  feed-shaft  to  advance  the  propellant  strand 
toward  the  temperature  measurement  zone  at  the  same  rate  at  which  the 
strand  burned.  Thus,  temperature  measurements  at  a fixed  axial  position 
in  the  flane  could  be  made  for  controlled  periods  of  time.  The  tempera- 
ture measurements  were  made  with  a modified  line-reversal  pyrometer, 
which  was  capable  of  one  temperature  measurement  every  two  milliseconds. 
The  scanning  range  of  the  equipment  limited  the  temperature  measure- 
ments to  within  one  millimeter  of  the  burning  propellant  surface. 

Various  AP-polysul fide  propellants  were  studied  over  a pressure  range 
from  1 to  15  atmospheres.  The  results  of  the  temperature  measurements 
indicated  that  no  one-dimensional  temperature  profile  exists  above  the 
burning  surface  of  the  propellant.  Derr  and  Osborn  observed  tempera- 
tures, at  fixed  axial  positions  in  the  flame,  that  varied  from  the  lower 
limit  of  accurate  temperature  measurement  (1800°K)  to  the  adiabatic 
flame  temperature  of  the  polysulfide  propellant  (2200“K). 

The  high  frequency  temperature  and  composition  oscillations 
observed  in  the  present  study  possibly  indicate  that  these  inhomogene- 
ities observed  by  Derr  and  Osborn  close  to  the  propellant  surface  still 
exist  at  distances  of  approximately  one  centimeter  from  the  surface, 
and  are  inhomogeneities  in  both  temperature  and  composition.  The 
optical  path  length  in  the  flames  investigated  in  the  present  study 
was  seven  times  that  used  by  Derr  and  Osborn.  Since  both  the  tempera- 
ture and  spectroscopic  measurements  yield  an  average  value  for  the 
entire  optical  path  length  in  the  flame,  the  inhomogeneities  would  tend 
to  average  out  for  longer  optical  path  lengths.  Consistent  with  this 
fact  is  that  the  temperature  fluctuations  observed  in  this  study  wore 
generally  smaller  than  those  observed  by  Derr  and  Osborn.  Also,  there 
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is  little  chance  that  any  of  the  oscillations  would  be  phase  correlated 
with  one  another.  This  is  exactly  the  condition  observed  with  the 
high-frequency  temjerature  and  concentration  oscillations  in  this  study. 

In  summary,  the  observed  high-frequency  temperature  and  concen- 
tration oscillations  are  believed  to  be  caused  by  small  scale  inhomo- 
geneities in  the  interior  and  (or)  at  the  edges  of  the  flames.  Because 
these  high-frequency  oscillations  partially  obscured  the  lower 
frequency  phenomena  being  studied,  a digital-filter  algorithm  was  used 
to  eliminate  the  high-frequency  "noise"  from  the  data  in  final  form. 

Filtered  Data.  The  filtered  steady-state  data  of  Figures  9 and 
11  reveal  several  very  interesting  features  of  the  steady-state  combus- 
tion of  composite  propellants.  The  flame  composition  and  temperature 
also  fluctuate  at  a much  lower  frequency  during  stable  combustion.  The 
lower  frequency  fluctuations  were  not  continuous  like  the  high  frequency 
oscillations,  but  rather  were  random  in  nature.  These  low  frequency 
fluctuations  were  typically  in  the  range  of  20  to  80  Hz.,  with  no 
preferred  frequency  being  apparent.  As  was  previously  mentioned, 
almost  all  of  the  observed  increases  in  the  CO2  concentration  occur 
simultaneously  with  observed  decreases  in  the  CO  concentration  and  vice 
versa.  Periodically,  this  correlation  is  observed  to  have  minor  devia- 
tions. The  minor  deviations  are  believed  to  be  the  result  of  incom- 
plete filtering  of  the  high-frequency  "noise,"  and  thus  the  unmasking 
of  the  low  frequency  signal  was  not  complete.  Tht  digital-filter 
algorithm  was  purposely  not  written  for  optimum  filtering  of  the  high- 
frequency  noise.  Instead,  it  was  designed  to  clean  up  the  data  to  a 
minimally  acceptable  level.  The  reasons  for  not  using  an  optimum  fil- 
tering setting  are  discussed  in  Appendix  D.  The  large  discrepancies  in 
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the  CO-CO2  correlation  in  approximately  the  middle  of  Figures  9 and  11 
are  atypical  and  were  very  rarely  observed.  The  cause  of  these  particu- 
lar discrepancies  is  unknown. 

Although  the  H2O  concentration  does  fluctuate  during  steady-state 
combustion,  these  fluctuations  are  apparently  unrelated  to  the  CO2  and 
CO  oscillations.  In  any  event,  it  is  clear  that  the  H2O  fluctuations  are 
not  related  to  the  CO2-CO  oscillations  in  an  equilibrium  manner.  That 
is,  the  H2O  and  CO2  oscillations  are  not  in  phase.  The  major  sources  of 
H2O  and  CO2  are  the  free  radical  reactions  involving  the  OH  radical  (see 
equations  (1)  and  (2)).  Although  the  OH  radical  concentration  was  not 
measured  in  this  study,  previous  studies  [33]  with  fuel-rich  systems 
have  shown  that  the  OH  radical  concentration  near  the  primary  reaction 
zone  can  be  considerably  in  excess  of  the  equilibrium  concentration. 

This  possible  superequilibrium  OH  concentration  could  have  a significant 
effect  on  the  relatively  fast  H2O  producing  equation.  Also,  the  propel- 
lant flame  has  two  fuels,  NH  from  the  decomposition  of  the  AP  and  the 
fuel-binder  pyrolysis  products  reacting  with  the  decomposition  products 
of  the  HCIO4.  Thus,  the  hydrogen  is  distributed  approximately  60?  and 
40»  between  the  AP  and  the  fuel -binder  respectively.  At  least  two 
competing  reaction  paths  convert  this  hydrogen  into  the  stable  hydrogen- 
containing  combustion  products  HCl,  H2  and  H2O.  These  considerations 
indicate  that  the  H2O  concentration  variation  in  the  flame  will  not 
necessarily  be  a simple  function  of  the  changes  in  the  composition  of  the 
pyrolysis  gases  leaving  the  propellant  surface. 

The  carbon  has  only  one  source,  the  fuel  phase.  Thus,  the  carbon 


containing  combustion  products  CO2  and  CO  would  be  a good  indication  of 
changes  in  the  composition  of  the  pyrolysis  products  leaving  the 
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propellant  surface.  Since  the  CO  production  reactions  are  relatively 
rapid,  whereas  the  CO  oxidation  reaction  is  relatively  slow,  the  changes 
in  the  CO  concentration  would  be  the  best  indication  o-‘  rapid  changes  in 
the  composition  of  the  gases  leaving  the  propellant  surface. 

Because  of  the  very  complicated  non -equilibrium  condition  which 
exists,  the  equilibrium  data  were  not  used  to  convert  the  observed  CO2-CO 
concentration  variations  into  changes  in  the  effective  AP-content  of  the 
pyrolysis  gases  leaving  the  propellant  surface,  as  was  originally  planned. 
Instead,  these  observed  concentration  variations  were  used  directly  for 
comparing  various  tests. 

The  typical  CO2,  CO,  and  H2O  concentration  variations  for  the 
constant  pressure  tests  were  1-2  mole  percent,  4-6  mole  percent,  and  3-5 
mole  percent  (of  the  total  gas)  respectively.  The  observed  temperature 
fluctuations  for  these  constant  pressure  tests  were  only  30-60°K  and 
were  only  occasionally  phase-correlated  with  the  CO  and  CO2  concentra- 
tion oscillations.  The  magnitudes  of  these  variations  occurring  during 
constant-pressure  burning,  what  is  called  "steady-state  burning"  for 
propellants  of  this  kind,  are  part  of  the  background  against  which  data 
taken  during  pressure  transients  can  be  analyzed. 

Oscillatory  Pressure  Tests 

The  oscillatory  pressure  tests  were  conducted  to  see  what  effect 
externally-imposed  pressure  oscillations  had  on  the  specific  gasification 
rates  of  the  two  composite  propellant  components.  Both  the  frequency 
(10-100  Hz.)  and  the  amplitude  (2-10  psia)  of  the  pressure  oscillations 
were  varied  for  mean  combustion  chamber  pressures  of  approximately  25  to 
65  psia.  For  brevity  and  clarity,  only  sufficient  data  to  describe  the 
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major  findings  are  presented  in  this  section.  The  data  for  other  tests 
are  presented  in  Appendix  G.  Only  the  82-wt.%  AP-propellant  data  are 
reported  in  mole  fractions.  Calibration  curves  were  not  established  for 
the  80-  and  85-wt.  % propellants  (see  Appendix  A);  thus,  only  pressure- 
corrected  absorbances  are  reported.  However,  since  the  temperature 
corrections  for  these  data  are  negligible,  the  pressure-corrected  absor- 
bances are  directly  related  to  concentration  changes.  The  measurements 
for  the  tests  reported  were  made  at  either  the  3-5  mm  or  12-14  mm  region 
in  the  propellant  flame,  and  each  test  is  appropriately  labeled.  Due  to 
the  observed  CO2  and  CO  axial  concentration  gradients,  the  mean  concen- 
trations of  these  species  will  vary  accordingly.  All  of  the  data 
presented  in  this  section  and  in  Appendix  6 are  filtered  data. 

The  data  from  a 31  Hz.  pressure  oscillation  test  are  given  in 
Figure  16.  The  mean  combustion  chamber  pressure  was  45  psia,  and  the 
peak-to-peak  pressure  oscillation  was  approximately  6 psia.  Flame 
temperature  measurements  were  not  made  for  this  particular  test.  With 
infrequent  exceptions,  the  COo  and  CO  concentration  oscillations  were  at 
the  same  frequency  as  the  pressure  oscillation  and  were  180“  out  of 
phase  with  one  another.  The  CO2  concentration  decreased  and  the  CO 
increased  during  periods  of  decreasing  pressure,  and  the  opposite  condi- 
tion occurred  during  periods  of  increasing  pressure.  The  typical  CO2 
and  CO  oscillations  were  2.5-4.C  mole  percent  and  10-18  mole  percent 
respectively.  These  amplitudes  are  approximately  three  times  greater 
than  those  of  the  corresponding  steady-pressure  test  oscillations.  The 
H2O  concentration  oscillation  is  approximately  in  phase  with  the  CO  con- 
centration oscillation  and  has  a magnitude  of  9-16  mole  percent.  Again, 
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this  magnitude  of  the  H2O  oscillation  is  approximately  three  times 
greater  than  the  steady-pressure  H2O  oscillation.  Note  that  this  H2O-CO 
correlation  is  directly  opposite  to  that  predicted  by  the  equilibrium 
calculations.  It  is  assumed  that  a simultaneous  increase  in  the  CO^ 
concentration  and  a decrease  in  the  CO  concentration  corresponds  to  an 
increase  in  the  effective  AP  concentration  of  the  pyrolysis  products 
leaving  the  propellant  surface.  Thus,  the  specific  gasification  rate  of 
the  AP appears  to  increase  relative  to  that  of  the  fuel -binder  during 
periods  of  increasing  pressure  and  vice  versa. 

Several  observations  regarding  the  mean  CO2,  the  H2O  and  CO  concen- 
trations require  discussion.  For  this  run  both  the  CO2  and  H2O  mole 
fractions  are  approximately  167SS  of  the  steady-pressure  test  concentra- 
tion levels.  While  the  CO  concentration  is  the  same  as  the  steady- 
pressure  test  value.  This  excessive  H2O  -“oncentration  was  present  in 
approximately  half  of  the  tests  run  and  was  not  always  accomp?r.ied  by 
an  excessive  CO2  concentration.  This  phenomenon  also  occurred  in  a few 
steady-pressure  tests  and  is  presented  in  the  H2O  calibration  curve 
given  in  Appendix  A.  Because  almost  all  the  other  calibration  points 
fell  on  the  same  curve,  these  few  high  values  were  disregarded  in  the 
calibration  work.  The  reason  for  this  excessive  h^O  concentration, 
especially  when  it  was  not  accompanied  with  an  excessive  CO2  concentra- 
tion, is  not  understood.  However,  even  though  some  of  the  rnean  concen- 
trations were  excessive,  these  tests  possessed  the  same  oscillatory 
phenomena  as  tt.e  tests  having  reasonable  mean  concentrations.  Thus,  the 
oscillatory  phenomena  of  these  otherwise  abnormal  tests  were  considered 
valid. 

The  basic  features  of  the  concentration  oscillations  described  for 
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the  above  test  were  generally  present  in  all  the  oscillatory  test  data. 
The  following  data  will  be  used  to  illustrate  other  observed  charac- 
teristics, as  well  as  observed  deviations  from  the  above  basic  features. 

The  data  from  several  lower  frequency  tests  are  presented  next. 

The  7-8  Hz.  test  data  in  Figures  17  and  18  are  for  an  82-  and  80-  wt.  % 
AP  propellant  respectively.  In  both  cases  the  concentration  profiles 
contain  a high  frequency  oscillation,  as  well  as  the  lower  frequency 
oscillation  associated  with  the  pressure.  Since  only  a couple  cycles  of 
data  are  reported  for  these  lowest  frequency  tests,  and  since  the  high 
frequency  oscillation  tends  to  obscure  the  lower  frequency  component,  it 
is  very  hard  to  determine  the  relationship  between  the  low  frequency 
concentration  oscillation  and  the  pressure.  When  all  of  the  lowest 
frequency  data  are  taken  collectively  it  appears  that  the  CO^  and  CO 
concentrations  generally  oscillate  at  a frequency  which  is  slightly 
different  than  the  pressure  frequency.  However,  the  temperature  in 
Figure  19  appears  to  oscillate  in  phase  with  the  pressure. 

The  observed  high  frequency  concentration  oscillations  are  differ- 
ent than  th-,'  "noise"  discussed  earlier  in  that  the  CO2  and  CO  oscilla- 
tions are  generally  correlated  and  are  180“  out  of  phase.  These  high 
frequency  CO2  and  CO  oscillations  in  the  82-wt.  \ propellant  test  of 
Figure  17  are  approximately  80  Hz.  This  is  approximately  equal  to  the 
layer  frequency  predicted  by  the  8oggs  and  Becksteai  model  for  the  15-pm 
AP  in  this  propellant.  Similar  oscillations  are  present  in  the  80-wt.  % 
AP  propellant  data  of  Figure  18,  even  though  they  are  less  well  defined. 
However,  this  propellant  had  a unimodal  particle  distribution  of  only 
the  225-pm  AP.  Therefore,  it  appears  that  the  origin  of  this  high 
frequency  concentration  oscillation  is  not  related  to  the  AP  particle 
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FIGURE  17.  CONCENTRATION  PROFILES  FOR  A 7 Hz.  OSCILLATORY-PRESSURE  TEST  {82  wt.  ^ AP  propellant 
[UFN],  12-14  mm.  Run  .No.  2-11174) 
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FIGURE  18.  TEMPERATURE  AND  PRESSURE-CORRECTED  ABSORBANCE  PROFILES  FOR  AN  8 Hz.  OSCILLATORY 
PRESSURE  TEST,  (unimodal  80  wt,  % AP  propellant  [UFO],  3-5  mm.  Run  No.  2-31474 
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size. 

The  22  Hz.  data  in  Figures  19  and  20  are  for  an  82>  and  85-  wt.  % 

AP  propellant  respectively.  The  major  significance  of  these  data  is  that 
at  this  slightly  higher  frequency,  the  previously  observed  high  frequency 
concentration  oscillations  are  not  present.  In  both  of  these  tests,  the 
CO2  and  CO  concentration  oscillations  are  approximately  correlated  in 
the  manner  described  for  the  31  Hz  data  in  Figure  16.  The  85-  wt.  % AP 
propellant  data  in  Figure  20  again  shows  the  CO2  concentration  increasing 
and  the  CO  concentration  decreasing  during  periods  of  increasing  pressure 
and  vice  versa.  Again,  the  H2O  concentration  oscillation  is  in  phase 
with  the  CO  oscillation.  Also,  the  flame  temperature  oscillation  is  in 
phase  with  this  observed  gas  phase  composition  oscillation  and  the 
pressure. 

The  correlation  between  the  CO2-CO  oscillations  and  the  pressure 
less  evident  for  the  82  weight  % AP  propellant  data  in  Figure  19.  The 
phase  shift  observed  in  this  test  was  only  occasionally  noticed  in  other 
tests,  and  it  is  not  clear  if  this  is  a real  or  just  apparent  phase  shift. 
The  H2O  concentration  oscillated  slightly  during  this  test,  and  it 
appears  to  be  in  phase  with  the  CO  oscillation  for  at  least  part  of  the 
run.  Again,  the.  mean  CO2  and  H2O  concentrations  are  excessive,  while 
the  mean  CO  concentration  is  approximately  equal  to  the  steady-pressure 
value. 

The  data  from  a 100  Hz.  test  is  plotted  in  Figure  21  . For  this 
test  at  the  highest  frequency  used,  the  relatively  slow  scan  speed  of 
the  spectrometer  does  not  permit  good  definition  of  the  concentration 
profiles.  Also,  the  frequency  of  the  phenomena  of  interest  is  approach- 
ing that  of  the  "noise,"  thus,  the  digital  filtering  is  less  effective. 


FIGURE  19.  CONCENTRATION  PROFILES  FOR  A 22  Hz.  OSCILLATO.RY-PRESSURE  TEST.  (82  wt.  AP  propel 
lant  [UFN],  12-14  mm.  Run  No.  1-22174) 


FIGURE  2C.  temperature  AND  PRESSURE-CORRECTED  ABSORBANCE  PROFILES  FOR  A 22  Hz.  OSCILLATORY 
PRESSURE  TEST.  (85  wt.  /=  AP  propellant  [UFR],  3-5  mm.  Run  No.  11-4474) 


TEMPERATURE  ANO  CONCENTRATION  PROFILES  FOR  A 100  Hz.  OSCILLATORY-PRESSURE  TEST 
(82  wt.  % AP  propellant  [UFP],  3-5  mm.  Run  No.  6-4374) 
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Although  the  general  characteristics  previously  described  are  apparent 
during  portions  of  the  run,  the  above  considerations  make  it  difficult 
to  determine  if  they  are  present  throughout.  However,  the  major  signif- 
icance of  these  data  is  not  the  correlations  between  the  various  pro- 
files but  rather  the  magnitude  of  the  oscillations.  The  largest  tempera- 
ture and  concentration  oscillations  observed  were  for  this  highest 
frequency.  The  temperature  appears  to  oscillate  in  phase  with  the 
pressure,  with  a peak  to  peak  magnitude  of  1 50-200“ K.  This  is  4 to  5 
times  greater  than  the  temperature  oscillations  observed  for  the  steady- 
pressure  tests.  The  CO^  and  CO  concentration  oscillations  are  3-6  mole 
percent  and  30-60  mole  percent  recpectively . The  CO2  oscillation  is 
approximately  3 to  4 times  greater  than  the  steady-pressure  test  CO^ 
oscillation,  while  the  CO  oscillation  is  8 to  10  times  greater  than  che 
corresponding  steady-pressure  value.  The  H2O  oscillation  was  approxi- 
mately 15-30  mole  percent  or  5 to  6 times  the  steacy-pressure  value. 

Figures  22  and  23  are  detailed  temperature  profiles  from  two 
oscillatory  pressure  tests.  The  overall  temperature  changes  are  asso- 
ciated with  the  low  frequency  temperature  oscillations  which  are  present 
in  these  data.  However,  comparison  of  these  temperature  profiles  with 
those  in  Figures  12  through  15  for  the  constant  pressure  tests  reveals 
a difference  in  the  structure  of  the  high  frequency  oscillations.  These 
data  apparently  indicate  that  the  structure  of  the  inhomogenieties  in 
the  flame  are  different  for  the  constant  and  transient  pressure  condi- 
tions. 

The  following  discussion  centers  around  the  oscillatory  data 
presented  00th  here  and  in  Appendix  G.  In  the  vast  majority  of  the 
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FIGURE  22.  TEMPERATURE  PROFILE  FOR  A 35  Hz.  OSCILLATORY-PRESSURE  TEST.  (82  wt.  % AP  propellant 
t'JFP],  3-5  mm.  Run  No.  5-4374) 


TEMPERATURE  PROFILE  FOR  A 50  Hz.  OSCILLATORY-PRESSURE  TEST.  (82  wt.  % AP  propel 
lant  [UFP],  3-5  mm.  Run  No.  6-31574) 
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tests,  the  CO2  concentration  increased  and  the  CO  concentration  decreased 
during  periods  of  increasing  pressure  and  vice  versa.  This  observation 
implies  that  the  specific  gasification  rate  of  the  AP  increases  relative 
to  that  of  the  fuel  during  periods  or  increasing  pressure  and  vice  versa. 
In  the  few  tests  that  deviated  from  this  general  observation,  the  origin 
of  the  apparent  phase  shift  between  the  CO2-CO  oscillations  and  the 
pressure  Is  not  understood. 

At  a constant  mean  pressure  and  a constant  frequency,  the  magnitude 
of  the  composition  variations  in  the  gas  phase  increased  with  an  increase 
in  the  amplitude  of  the  pressure  oscillation.  Also,  these  composition 
oscillations  increased  in  magnitude  with  an  increase  in  the  frequency  of 
a constant-amplitude  pressure  oscillation.  Over  the  pressure  range 
studied,  25-75  psia,  the  mean  pressure  or  the  fractional  change  in  the 
pressure  did  not  appear  to  have  an  effect  on  the  composition  or  tempera- 
ture oscillations. 


Single-Pressure-Pulse  Tests 

To  further  clarify  the  pressure  effect,  on  the  specific  vaporization 
rates  of  the  two  propellant  components,  several  single-pressure-pulse 
tests  were  conducted.  The  data  from  two  pressure-decrease  tests  are 
plotted  in  Figures  24  and  25.  In  both  tests,  the  CO2  and  CO  concentra- 
tion fluctuations  are  again  180®  out  of  phase,  and  the  H2O  concentration 
fluctuations  appear  at  times  to  be  in  phase  with  the  CO  concentration. 
During  the  initial  part  of  the  pressure  decay  the  CO2  concentration 
decreases  and  the  CO  concentration  increases  for  the  first  15-20  msec. 
Then  both  species  concentrations  reverse  direction,  and  the  CO2  increases 
and  the  CO  decreases  for  approximately  the  next  30  msec.  The  data  in 


FIGURE  24,  TEMPERATURE  AND  PRESSURE-CORRECTED  ABSORBANCE  PROFILES  FOR  A SINGLE-PRESSURE-DECREASE- 
PULSE  TEST.  (80  wt,  % AP  propellant  [UFI],  3-5  mn.  Run  No.  5-4474) 
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Figure  25  shows  that  this  alternating  concentration  condition  continues 
during  a period  of  continuous  pressure  decay.  Although  the  temperature 
oscillated,  its  magnitude  (25-75‘’K)  is  approximately  equal  to  the 
temperature  oscillations  observed  for  the  steady-state  pressure  tests. 

The  anomaly  just  before  the  pressure  decay  in  Figure  25  is  of  unknown 
origin.  However,  the  pressure  decay  data  collectively  indicate  that  it 
is  not  associated  with  the  pressure  pulse. 

Although  the  characteristic  time  (15-20  msec.)  associated  with 
this  initial  composition  fluctuation  was  independent  of  the  rate  of 
pressure  decay  over  the  range  of  300  to  700  psi/sec.,  the  magnitude  of 
this  fluctuation  was  directly  proportional  to  the  rate  of  pressure  change. 
Also,  though  these  rates  of  pressure  decay  were  comparable  to  those  of 
the  oscillatory  pressure  tests,  the  composition  changes  during  these 
pressure  decay  tests  were  much  less  than  those  of  the  oscillatory  tests. 

Data  from  two  pressure  increase  tests  are  plotted  in  Figures  26 
and  27.  The  nature  of  the  composition  fluctuations  during  pressuio 
increase  tests  varied  from  run  to  run  and  were  not  regular  like  those 
observed  during  the  pressure  decay.  However,  several  general  observa- 
tions regarding  these  tests  can  still  be  made.  It  appears  that  initially 
the  CO2  concentration  increases  and  the  CO  concentration  decreases  for 
an  irregular  length  of  time.  This  is  followed  by  random  oscillations  in 
the  CO2  and  CO  concentrations.  Although  the  H2O  concentration  fluctuates, 
its  relationship  with  either  the  CO2  or  CO  concentration  is  not  apparent. 
The  concentration  oscillations  for  these  pressure-increase  tests  were 
larger  than  those  observed  for  the  steady-state  pressure  tests  but  were 
again  much  smaller  than  the  values  from  oscillatory  tests  with  comparable 
rates  of  pressure  change. 


FIGURE  26.  TEMPERATURE  AND  CONCENTRATION  PROFILES  FOR  A SINGLE-PRESSURE-INCREASE-PULSE  TEST. 
(82  wt.  % AP  propellant  [UFP],  3-5  mm,  Run  No.  1-31574) 


TEMPERATURE  AND  PRESSURE-CORRECTED  ABSORBANCE  PROFILES  FOR  A SINGLE-PRESSURE-INCREASE 
PULSE  TEST,  (um'modal  80  wt.  ^15  AP  propellant  [UFO],  12-14  mm.  Run  No.  7-4474) 
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Flame-Emission  Data 

The  general  observations  and  resulting  conclusions  from  this  study 
cont's'adict  those  reported  by  Schulz  [7].  That  is,  the  present  data 
indicate  that  the  AP  gasification  rate  increases  relative  to  that  of  the 
fuel-binder  during  periods  of  increasing  pressure,  whereas  Schulz  con- 
cluded that  the  AP  gasification  increased  relative  to  that  of  the  fuel- 
binder  during  periods  of  pressure  decay. 

Since  Schulz's  rapid  depressurization  studies  (using  rarefaction 
waves)  were  very  unlike  the  pressure  decay  tests  of  this  study,  data  of 
the  kind  Schulz  took  were  obtained  under  the  conditions  of  the  present 
study.  The  emission  data  from  a typical  oscillatory  test  are  plotted  in 
Figure  28.  The  bottom  profile  on  this  figure  is  the  (H2O/CO2)  emission 
intensity  ratio.  The  nature  of  the  intensity  ratio  oscillation  for  this 
present  test  is  identical  with  that  reported  by  Schulz.  The  steady-pres 
sure  intensity  ratio  data  does  not  predict  this  large  of  an  oscillation, 
thus,  the  observed  intensity  ratio  overshoots  the  steady-pressure  inten- 
sity ratio  profile  in  both  directions.  Schulz  used  steady-pressure 
"equilibrium"  data  to  interpret  this  intensity-ratio  overshooting.  How- 
ever, the  non-equilibrium  condition  known  to  exist  in  these  flames 
indicates  that  using  his  method  of  interpreting  transient  data  is  ques- 
tionable. Also,  the  use  of  flame-emission  data,  which  is  largely  due  to 
the  small  fraction  of  the  molecules  that  are  in  the  excited  state,  is 
likely  to  Introduce  additional  errors. 
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CHAPTER  V 

SUMMARY  AND  CONCLUSIONS 

The  objective  of  this  study  was  to  characterize  the  independent 
gasification  processes  of  the  two  components  of  AP-HTPB  composite  solid 
propellants  during  steady  and  non-steady  pressure  tests.  In  particular, 
it  was  to  be  a study  of  the  independent  pressure  dependencies  of  the 
specific  gasification  rates  of  the  oxidizer  and  fuel-binder  phases. 

A new  high  temperature  infrared  radiation  source  was  used  in  con- 
conjunction  with  a rapid-scanning  spectrometer  (800  scans  per  second) 
to  obtain  quantitative  absorption  spectroscopy  data  from  propellant 
flames  during  both  steady-state  pressure  tests  and  externally  imposed 
transient  pressure  tests.  The  system  was  quantitatively  calibrated 
for  the  3.17-um  H2O,  4.26-um  CO2,  and  4.72-um  CO  absorption  bands. 

Also,  a fast  electro-optical  hot-gas  pyrometer  (4500  measurements  per 
second)  was  used  to  obtain  simultaneous  flame  temperatures.  A variable- 
area  secondary  nozzle  w..s  used  to  Impose  the  pressure  transients  to 
otherwise  stable  burning  propellant  strands. 

The  following  summary  Is  organized  according  to  the  three  types 
ot  tests  conducted:  a)  steady-state  pressure  tests,  b)  oscillatory 
pressure  tests,  and  c)  single-pressure-puise  tests. 

Summary  of  the  Constant  Pressure  Data 


The  axial  composition  and  temperature  profiles  as  a function  of 
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distance  from  the  burning  propellant  surface  were  studied  in  the  region 
between  3 mm  and  15  mm  from  the  propellant  surface.  The  composition 
profiles  revealed  gradients  in  the  concentrations  of  CO  and  CO2  over 
this  region.  However,  the  H2O  concentration  was,  on  the  same  scale  of 
observation,  constant  over  this  same  distance.  These  observations  from 
within  individual  tests  were  substantiated  with  numerous  time-averaged 
values  measured  at  various  axial  positions  in  the  flame.  The  axial 
temperature  profile  indicated  that  the  flame  temperature  only  decreased 
25-50®K  over  this  distance,  probably  due  to  entrainment  of  the  cold 
purging  gas  and  radiation  to  cold  surroundings. 

The  observed  concentration  profiles  are  typical  of  those  observed 
in  hydrocarbon-o;(ygen  flames  [32,  33].  Relatively  fast  reactions  pro- 
duce CO  and  H2O,  however,  the  CO  oxidation  reaction  which  produces  the 
CO2  is  relatively  slow  [33,  34].  We  find  that,  over  the  pressure  range 
studied  (25-lOC  psia),  a non-equilibrium  condition  existed  at  distances 
of  up  to  at  least  1.5  cm  from  the  propellant  surface.  Consideration  of 
this  non-equilibrium  condition  is  most  important  when  interpreting 
composition  data  from  transient  pressure  tests.  It  probably  has  rele- 
vance to  considerations  of  combustion  instability. 

The  time-varying  nature  of  the  composition  and  temperature  at  a 
given  axial  position  in  the  flame  produced  considerable  information 
concerning  the  steady-state  combustion  processes.  A 200-300  Hz.  oscil- 
laticn  in  both  the  composition  and  temperature  profiles  was  observed. 
None  of  the  observed  high  frequency  oscillations  were  phase-correlated 
with  one  another.  These  high  frequency  oscillations  are  believed  to  be 
caused  by  inhoirogeneities  in  the  propellant  flame,  similar  to  those 
observed  by  Derr  and  Osborn  [1]  when  measuring  flame  temperatures  close 
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to  the  surface  of  a composite  propellant. 

The  flame  composition  and  temperature  were  also  observed  to 
fluctuate  at  a much  lower  frequency  during  stable  combustion.  These 
lower-frequency  fluctuations  were  not  continuous  like  the  high 
frequency  oscillations,  but  rather  were  random  In  nature.  Also,  the 
CO2  and  CO  concentration  fluctuations  were,  almost  without  exception, 
phase  correlated  and  180®  out  of  phase.  Although  the  H2O  concentration 
fluctuated  during  the  steady-pressure  tests,  these  fluctuations  were 
apparently  unrelated  to  the  CO2  or  CO  fluctuations.  These  low 
frequency  fluctuations  were  typically  in  the  range  of  20  to  80  H2. , 
with  no  preferred  frequency  being  apparent.  The  average  CO2,  CO,  and 
H2O  concentration  variations  for  the  steady-state  pressure  tests  were 
1-2  mole  percent,  4-6  mole  percent,  and  3-5  mole  percent  respectively. 
The  observed  temperature  fluctuations  for  the  steady-state  pressure 
tests  were  typically  30-60°K  and  were  only  occasionally  phase-corre- 
lated with  the  C02“C0  concentration  fluctuations. 

Summary  of  the  Oscillatory  Pressure  Data 

Oscillatory  pressure  tests  were  conducted  over  a mean  pressure 
range  of  25  to  65  psia,  a pressure  amplitude  range  of  2-10  psia,  and  a 
frequency  range  of  10  to  100  Hz.  The  nature  of  the  composition  oscil- 
lations were  generally  the  same  for  all  the  tests  between  20  and  100  Hz. 
The  CO2  and  CO  concentration  oscillations  were  180®  out  of  phase.  The 
CO2  concentration  increased  and  the  CO  concentration  decreased 
during  periods  of  increasing  pressure  and  vice  versa.  In  several  runs, 
the  CO2  concentration  oscillation  was  out  of  phase  with  the  pressure, 
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even  though  the  CO2  and  CO  oscillations  were  still  approximately  corre- 
lated. It  is  not  clear  if  this  observed  phase  shift  was  real  or  just- 
apparent.  In  either  case  its  origin  is  unknown.  Since  this  was  only 
an  occasional  observation,  it  was  considered  an  anomaly  in  the  otherwise 
general  characterization.  In  many  runs  the  H2O  concentration  oscilla- 
tion was  in  phase  with  the  CO  concentration  oscillation.  In  the  runs 
where  this  was  not  the  case,  the  relationship  between  the  H2O  concen- 
tration oscillation  and  either  the  or  CO  oscillation  was  not 
readily  apparent. 

Since  carbon  was  only  contained  in  the  fuel-binder  phase,  whereas 
hydrogen  was  contained  in  both  the  ammonium  perchlorate  (AP)  and  the 
fuel-binder  (HTPB)  phases,  the  CO2-CO  concentration  variations  were 
considered  the  best  indication  of  changes  in  the  composition  of  the 
pyrolysis  gases  leaving  the  propellant  surface.  Also,  an  increase  in 
the  CO2  concentration  and  a simultaneous  decrease  in  the  CO  concentra- 
tion was  considered  as  an  indication  of  a more  oxidizer-rich  gas  mixture 
leaving  the  propellant  surface  and  vice  versa.  Thus,  for  the  20  to 
100  Hz.  tests,  the  specific  gasification  rate  of  the  AP  apparently 
increases  relative  to  that  of  the  HTPB  during  periods  of  increasing 
pressure  and  vice  versa.  This  finding  is  directly  opposite  that 
postulated  by  Schulz  [7].  The  reason  for  this  discrepancy  will  be 
discussed  later. 

The  temperature  in  most  of  these  20  to  100  Hz.  tests  oscillated 
in  phase  with  the  pressure  with  an  amplitude  greater  than  that  observed 
for  fluctuations  during  the  steady-pressure  tests.  The  adiabatic  flame 
temperature  data  for  the  80,  82,  and  85  wt.-%-AP  propellants  used 
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indicate  that  an  increase  in  the  effective  oxidizer  concentration  in 
the  flame  will  result  in  a temperature  increase.  That  is,  the  tempera- 
ture should  increase  during  periods  of  increasing  pressure,  which  is 
exactly  what  was  observed  in  many  of  the  tests.  In  the  few  tests  where 
the  temperature  did  not  oscillate  in  phase  with  the  pressure,  the 
temperature  fluctuations  were  generally  random  in  nature  and  smaller 
in  amplitude.  In  these  tests  the  tenperature  profiles  resembled  those 
of  the  steady-pressure  tests.  The  reason  for  this  lack  of  temperature 
and  composition  correlation  is  not  known,  but  again,  this  anomaly 
occurred  in  only  a few  tests. 

The  concentration  profiles  for  the  oscillatory  pressure  tests  at 
the  lowest  frequencies  studied  (7-10  Hz.)  had  a much  different  charac- 
ter. The  concentration  profiles  for  these  tests  contained  a high 
frequency  oscillation  as  well  as  the  lower  frequency  oscillation  asso- 
ciated with  the  pressure.  The  low  frequency  component  of  the  CO2  and 
CO  profiles  were  again  generally  180°  out  of  phase.  However,  when  all 
of  the  lowest  frequency  data  are  taken  collectively  it  appears  that  the 
CO2  and  CO  concentrations  generally  oscillate  at  a frequency  'which  is 
slightly  greater  than  the  pressure  frequency.  The  H2O  concentration 
oscillation  appears  at  times  to  be  in  phase  with  the  CO  concentration 
oscillation,  but  this  is  not  an  observation  of  sufficient  generality  to 
be  a prime  consideration. 

The  higher  frequency  CO2  and  CO  concentration  oscillations  are 
also  generally  180°  out  of  phase.  These  70-90  Hz.  oscillations  were 
originally  thought  to  be  a "layer  frequency"  associated  with  the  15-pm 
AP  present  in  the  propellants  being  used.  However,  a unimodal  propellant 
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of  225-um  AP  also  revealed  similar  high  frequency  oscillations.  The 
relationship  between  the  higher  frequency  H2O  oscillations  and  either 
the  CO2  or  CO  concentration  oscillation  is  difficult  to  determine, 
although  at  times  it  again  appears  to  be  in  phase  with  the  CO  concen- 
tration  oscillation.  The  temperature  profiles  for  these  low  frequency 
tests  did  not  contain  this  characteristic  high  frequency  oscillation, 
jnd  only  occasionally  oscillated  in  phase  with  the  pressure. 

The  following  discussion  pertains  to  the  temperature  and  concen- 
tration oscillations  which  are  associated  with  the  pressure  oscillations. 
The  amplitudes  of  the  concentration  and  temperature  oscillations  of  the 
oscillatory  pressure  tests  are  at  least  several  times  those  of  the 
random  values  seen  in  constant-pressure  tests.  The  amplitudes  of  the 
CO  and  H2O  concentration  oscillations  were  generally  larger  with 
respect  to  their  constant  pressure  test  values  than  was  the  corres- 
ponding CO2  oscillation.  This  is  consistent  with  the  reaction  kitietics 
of  the  various  reactions  which  produce  these  species.  Also,  the  CO 
oscillation  was  generally  larger  than  the  corresponding  H2O  oscillation 
which  might  be  due  to  the  dual  source  of  the  hydrogen. 

At  the  lowest  frequencies  (7-10  Hz.)  and  for  pressure  amplitudes 
of  only  3-10  psia  the  magnitude  of  the  concentration  oscillations  are 
typically  2 or  3 times  greater  than  the  random  constant-pressure  values. 
The  anplitude  of  the  observed  concentration  oscillations  increased  with 
an  increase  in  the  rate  of  pressure  change.  Experimentally,  this  was 
done  by  either  changing  the  pressure  amplitude  at  a constant  frequency, 
or  by  changing  the  frequency  at  a constant  pressure  amplitude.  For 
example,  changing  the  amplitude  of  a 31  Hz.  test  from  approximately  2 psi 
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to  8-10  ps1a  resulted  in  approximately  a factor  of  two  increase  in  the 
amplitude  of  the  CO2  and  H^O  oscillations,  and  a factor  of  three 
increase  in  the  CO  oscillations.  Also,  the  largest  temperature  and 
concentration  oscillations  were  observed  for  the  highest  frequency 
studies  (100  Hz.).  The  anplitude  of  the  CO2  oscillation  was  approxi- 
mately 3 to  4 times  greater  than  the  constant-pressure  value,  and  the 
amplitude  of  the  H2O  oscillation  was  approximately  5 to  6 times  greater 
than  the  constant-pressure  value.  The  CO  amplitude  was  8 to  10  times 
greater  than  the  constant-pressure  value. 

Summary  of  the  Sinqie-Pressure-Pulse  Data 
To  further  clarify  the  pressure  effect  on  the  specific  vaporization 
rates  of  the  two  propellant  components,  single-pressure-pulse  tests  were 
conducted.  Both  pressure  increases  and  decreases  were  studied. 

A single  pressure-increase  pulse  caused  an  initial  increase  in 
the  CO2  concentration  and  a decrease  in  the  CO  concentration.  This  was 
followed  by  an  oscillation  in  the  concentration  profiles.  The  magnitude 
and  frequency  of  these  concentration  oscillations  varied  from  run  to  run 
and  within  individual  runs.  Also,  there  appeared  to  be  no  clear  corre- 
lation between  the  amplitude  of  the  concentration  oscillation  and  the 
rate  of  pressure  change,  over  the  range  of  25  to  275  psi  per  second. 

The  H2O  concentration  oscillations  during  these  tests  at  times  were  in 
phase  with  the  CO  oscillations,  but  this  again  was  not  a general  obser- 
vation. Even  though  the  rates  of  pressure  change  for  these  tests  were 
comparable  to  those  of  the  oscillatory  pressure  tests,  the  amplitudes 
of  the  concentration  fluctuations  were  much  less  than  those  observed  in 
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the  oscillatory  pressure  tests.  The  flame  temperatures  for  these  tests 
fluctuated  in  a random  manner  very  similar  to  those  of  the  constant 
pressure  tests,  and  the  amplitude  of  these  oscillations  was  approxi- 
mately equal  to  those  observed  for  the  constant  pressure  tests.. 

The  data  from  the  single-pressure-decrease  pulse  tests  were 
unlike  those  of  the  single-pressure-increase  pulse  tests,  in  that  they 
were  very  regular  and  very  reproducible.  The  pressure  decrease  caused 
an  initial  CO2  concentration  decrease  and  a CO  concentration  increase 
for  the  first  15  to  20  msec.  Then  both  species  concentrations  reversed 
direction  and  the  CO2  concentration  increased  and  the  CO  concentration 
decreased  for  approximately  the  next  25  to  30  msec.  This  initial  alter- 
nating composition  condition  was  continuously  repeated  during  the 
pressure  decay.  Although  the  temperature  oscillated  during  these  tests, 
its  magnitude  (25-75“K)  was  approximately  equal  to  the  random  tempera- 
ture oscillations  observed  for  the  constant-pressure  tests. 

The  magnitude  of  this  characteristic  time  (15-20  msec.)  associated 
with  the  initial  pressure  decay  was  independent  of  the  rate  of  pressure 
decay  over  the  range  of  300  to  700  psi  per  second.  However,  the  magni- 
tude of  this  initial  concentration  fluctuation  increased  as  the  rate  of 
pressure  change  increased.  Also,  although  these  rates  of  pressure 
change  were  comparable  to  those  of  the  oscillatory  pressure  tests,  the 
composition  changes  during  these  pressure  decay  tests  were  much  smaller 
than  those  of  the  oscillatory-pressure  tests. 

These  present  pressure  decay  data  can  be  compared  to  the  emission 
data  from  other  depressurization  tests  reported  by  Schulz  [7],  Schulz, 
using  flame  emission  intensity  ratios,  observed  the  same  general 
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phenomena  during  depressurization  and  oscillatory  pressure  tests  as 
those  reported  here.  However,  the  interpretation  of  these  emission  data 
lead  to  the  postulate  that  the  specific  gasification  rate  of  the  AP 
increased  relative  to  that  of  the  fuel  during  periods  of  decreasing 
pressure,  which  is  in  conflict  with  the  conclusions  of  this  study.  The 
reason  for  this  discrepancy  will  be  discussed  later;  for  the  moment,  only 
the  general  features  observed  by  Schulz  are  of  interest.  Although 
Schulz's  depressurizations  (using  rarefaction  waves)  were  considerably 
different  than  those  investigated  in  this  present  study,  the  same  initial 
composition  fluctuation  and  the  subsequent  recovery  were  observed,  along 
with  repetition  of  this  alternating  concentration  condition  during  the 
pressure  decay.  For  depressurization  rates  in  excess  of  3000  psi  per 
second,  Schulz  observed  initial  characteristic  times  of  response  of  6-15 
msec.  Schulz  used  bimodal  propellants  with  essentially  the  same  AP  parti- 
cle size  (15  pm  and  200  ym);  however,  he  used  different  fuel -binders , 
namely  polybutadiene-acrylic-acid  (PBAA)  and  polyurethane  (Estane). 
Although  the  scale  of  inhomogeneities  should  be  approximately  the  same 
for  the  propellants  used  in  both  studies,  it  is  uncertain  how  large  of 
an  effect  the  different  fuel -binders  would  have  on  the  characteristic 
times.  For  the  data  reported  by  Schulz,  it  appears  that  the  PBAA  propel- 
lants have  the  shorter  characteristic  times  (6-10  msec.)  and  the  Estane 
propellants  have  longer  characteristic  times  (10-15  msec.).  Also,  tests 
made  by  Schulz  with  propellants  made  of  AP  and  carbon  black  pressed  into 
pellets  showed  characteristic  times  in  this  same  region  (6-15  msec.).  It 
is  interesting  to  note  that  for  "similar"  propellants,  changing  the 
depressurization  rate  by  over  an  order  of  magnitude  apparently  results  in 
a relatively  small  change  in  the  characteristic  time.  This  characteristic 
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time,  T,  has  a corresponding  cliaracteristic  frequency,  w,  of  25-33  Hz. 
This  characteristic  frequency  is  consistent  with  the  observation  that 
the  nature  of  th.»  concentration  oscillations  changed  considerably  for 
oressure  oscillations  below  approximately  20  Hz.  At  the  lowest  frequency 
studied  (7-10  Hz.),  the  concentration  profiles  appeared  to  oscillate 
at  a frequency  which  was  slightly  different  than  that  of  the  pressure 
oscillation. 


Concl':sions 

1)  The  HgO,  CO2,  and  CO  concentration  profiles  measured  in  this 
study  indicate  that  a non -equilibrium  condition  exists  in  composite 
propellant  flames  close  to  the  burning  surface.  Over  the  pressure  range 
studied  (25-100  psia)  this  non-equilibrium  condition  was  observed  to 
extend  out  to  at  least  15  mm  t.'om  the  surface  of  a stably  burning 
propellant. 

2)  The  flame  temperature  and  composition  of  stable  burning  com- 
posite propellants  are  not  constant,  out  rather  fluctuate  in  a random 
manner  and  apparently  at  no  preferred  frequency.  The  gasification  rate 
of  either  the  oxidizer  or  fuel  can  be  expressed  as  vA,  where  v is  the 
vaporization  rate  per  exposed  area  of  the  respective  component,  ind  A 
is  the  exposed  area  of  the  respective  component  per  total  propellant 
surface  area.  For  steady  burning,  the  average  values  of  these  quanti- 
ties must  be  such  that 


^ox  \x 
''fuel  ''fuel 


= constant. 


where  the  bar  denotes  the  time-average  values.  During  constant-pressure 
burning,  the  respective  specific  gasification  rates,  Vqj^  and  Vfggi  > 
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should  be  constant,  therefore  changes  in  the  ratio  (AQ^Mfugi)  ®re 
believed  to  cause  these  observed  random  fluctuations  in  the  gus  phase 
composition.  The  random  variation  in  >"esults  from  a non- 

uniform  distribution  of  the  crystalline  AP  in  the  fuel-binder  matrix, 
and  (or)  from  processes  which  take  place  on  the  surface  during  the 
combustion  process. 

3)  A pressure  transient  will  cause  a change  in  the  gas  phase 
composition  of  the  composite  propellant  flames.  The  CO2-CO  data  indicate 
that  the  flames  become  AP-rich  during  periods  of  increasing  pressure 

and  vice  versa.  These  composition  variations  are  much  larger  than  those 
observed  for  the  constant  pressure  burning.  The  different  pressure 
dependencies  of  the  specific  vaporization  rates  of  the  oxidizer  and  fuel 
result  in  a change  in  the  ratio.  Until  (AQ^/A^ugl)  Is 

sufficiently  altered,  the  change  in  the  (Vgx'^'^fuel^  ratio  is  responsible 
for  the  composition  changes  of  the  pyrolysis  gases  leaving  the  propel- 
lant surface.  Later,  after  sufficiently  altered, 

this  too  can  be  responsible  for  gas-phase  composition  changes. 

4)  The  specific  vaporization  rates  are  not  only  dependent  on  the 
instantaneous  pressure,  but  also  in  some  degree  on  the  rate  of  pressure 
change.  An  increase  in  the  rate  of  pressure  change  results  in  an  increase 
in  the  amplitude  of  the  composition  oscillations. 

5)  For  equal  rates  of  pressure  change,  pressure  oscillations 
produce  much  larger  composition  variations  than  a single-pressure  pulse. 

6)  The  characteristic  time,  t,  associated  with  the  initial  fuel- 
rich  period  during  a pressure  decrease  test  can  be  represented  as  L/r, 
where  L is  a characteristic  length  associated  with  depleting  the  surface 
of  one  ingredient,  and  r is  a characteristic  mean  regression  rate  of  the 
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mixture.  The  initial  fuel-rich  period  is,  it  is  postulated,  associated 
viith  a change  in  whereas  the  subsequent  AP-rich  period  is 

associated  with  a change  in  (Aox/^fuel)* 

7)  The  characteristic  time,  t,  for  the  propellants  studied,  has  a 
corresponding  characteristic  frequency,  w,  of  approximately  25  Hz.  Above 
25  Hz.  the  changes  in  the  gas  phase  composition  are  associated  with 
changes  in  (Vox/v^yg^)  whereas  below  approximately  25  Hz.  composition 
changes  can  be  associated  with  changes  in  both  (Vgj^/vfuel)  and  (Aox/A^ygl) . 

8)  Small  pressure  oscillations  can  produce  large  temperature  oscil- 
lations (200®K),  as  well  as  the  large  gas  phase  composition  oscillations. 
The  temperature  oscillates  in  phase  with  the  pressure,  and  thus  in  phase 
with  the  composition  oscillations.  For  the  small  pressure  amplitudes 
studied,  the  propellant  burning  rate  should  not  change  significantly. 

Thus,  tho  change  in  the  thermal  energy  accumulation  in  the  solid  phase 
should  also  be  relatively  small.  Therefore,  the  observed  temperature 
oscillations  are  believed  to  be  primarily  associated  with  flame  composi- 
tion changes  and  not  with  changes  in  the  thermal  energy  accumulation  in 
the  solid  phase. 

9)  The  H2O  concentration  oscillations  during  transient  pressure 
tests  appear  to  be  in  phase  with  the  CO  concentration  oscillations,  and 
thus  180°  out  of  phase  with  the  CO2  concentration  oscillations.  This  is 
directly  opposite  of  the  equilibrium  concentration  changes  for  flames 
with  changing  oxidizer-to-fuel  ratios.  This  observed  condition  could 
result  if  the  principle  reaction  were 

H2O  + CO  CO2  + H2 
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Also,  if  there  were  a large  excess  (relative  to  equllibrlimi)  concentra- 
tion of  OH  radicals,  then  the  H2O  concentration  might  Increase  during 
fuel -rich  periods  instead  of  oxidizer-rich  periods. 

10)  This  study  strongly  suggests  that  the  use  of  equilibrium  data 
to  interprete  H20-emission-to-C02-emission  intensity  ratios  during 
transient  pressure  tests  leads  to  invalid  conclusions.  It  is  also  not 
clear  if  this  interpretation  is  solely  attributable  to  a non-equilibrium 
effect,  of  if  faulty  interpretation  of  emission  intensity  data  must  also 
be  considered. 

11)  The  use  of  infrared  absorption  spectroscopy  as  an  in-situ  method 
of  analyzing  transient  phenomena  in  flames  should  prove  most  valuable  in 
the  future,  now  that  a good  high  temperature  Infrared  source  has  been 
developed. 


APPENDIX  A 


SPECTROSCOPIC  EQUIPMENT  AND  TECHNIQUES 
Spectrometer 

The  Warner  and  Swasey  (Controlled  Inst.  Oiv.)  Model  501  Rapid- 
Scanning  Spectrometer  used  in  this  study  is  a single-beam  instrument, 
designed  for  studying  transient  spectroscopic  phenomena.  The  spectro- 
meter can  be  set  up  to  scan  various  selected  spectral  regions,  of 
approximately  \ to  3X  in  length,  from  0.30  ym  to  14.0  ym.  The  spectral 
region  scanned  is  determined  by  the  grating,  filters  and  detectors  used. 
The  spectrometer  has  seven  scan  rates  ranging  from  1.0  msec,  to  100 
msec.,  with  a corresponding  repetition  rate  range  of  8 to  800  scans  per 
second. 

The  radiant  energy  of  interest  is  collected  by  a Cassegrainian 
optical  system,  which  can  be  focused  on  any  source  28  cm  or  more  from 
the  spectrometer,  and  imaged  on  the  entrance  slit  of  a Czerny-Turner 
monochromator.  The  wavelength  scanning  is  accomplished  by  sweeping  a 
sequence  of  corner  mirrors  through  an  intermediate  focal  plane  of  the 
double-pass  Czerny-Turner  monochromator.  As  each  set  of  corner  mirrors 
traverses  acrcss  the  dispsersed  spectrum  in  the  intermediate  focal  plane, 
the  rays  Intercepted  are  laterally  displaced  and  directed  back  through 
the  monochromator.  The  symmetry  of  the  corner  mirrors  produces  a simul- 
taneous scanning  of  a short  and  a long  wavelength  region  across  the 
separate  exit  slits  associated  with  the  short  and  long  wavelength 
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detectors.  Twenty-four  sets  of  corner  mirrors  are  mounted  on  the 
periphery  of  the  dynamically  balanced  scan  wheel  which  is  driven  at  a 
constant  rate  of  speed  by  a hysteresis-synchronous  motor.  A schematic 
of  the  spectrometer  is  shown  •’n  Figure  A-1. 

Since  the  moving  element  is  not  part  of  the  dispersing  train,  the 
optical  quality  of  the  spectrometer  is  not  affected  by  the  rapid  scan- 
ning but  is  limited  by  the  signal -to-noise  ratio  of  the  detector.  The 
spectrometer  output  is  a time-varying  voltage,  which  is  preamplified  in 
the  spectrometer  before  going  to  the  spectrometer's  control  console. 

The  control  console  has  separate  gain  and  filtering  controls  for  the  two 
detector  signals.  The  maximum  gain  setting  and  the  minimum  filtering 
setting  corresponding  to  no  filtering,  were  used  throughout  this  entire 
study.  The  spectrometer  output  is  linear  in  time  and  wavelength.  There- 
fore, wavelength  instead  of  wave-number  is  used  in  reporting  the  data. 

The  nature  of  the  phenomena  investigated  in  this  study  dictated 
that  the  spectrometer  be  operated  at  its  fastest  scan  rate  of  one  milli- 
second. The  previous  work  of  Schulz  [7}  and  Eisel  [22]  indicated  that 
the  most  useful  spectral  information  for  composite  propellant  flames  is 
in  the  2.5  to  5.5-ym  region.  Thus,  the  spectrometer  was  set  up  to  scan 
the  2.5  to  5.5-um  region  using  the  components  listed  in  Table  A-1. 

Since  only  one  indium  antinomide  (InSb)  detector  was  needed  to  scan  this 
region,  the  scan  time  was  only  0.50  msec.  The  spectral  resolution  of 
the  spectrometer  is  determined  by  the  grating  and  the  entrance  and  exit 
slit  widths.  The  seven  slit  widths  available  on  the  spectrometer  are 
0.025-mm,  0.05-inm,  0.10-mm,  0.20-mm,  0.50-mm,  l.O-nm,  and  2.0-mm. 
Decreasing  the  slit  width  increases  the  spectral  resolution,  while  at 
the  same  time  it  decreases  the  signal-to-noise  ratio.  The  new 


FIGURE  A-1.  A SCHEMATIC  DRAWING  OF  THE  SPECTROMETER. 


TABLE  A-1 
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high- temperature  radiation  source  used  in  this  study  permitted  the  use 
of  the  0.20-mm  slits,  which  gave  good  spectral  resolution  and  an  excel- 
lent signal-to-noise  ratio.  The  0.20-mn  slits  and  the  12.5-lines/mtn 
grating  gave  excellent  resolution  of  the  4.26-mm  CO2  doublet  at  the  10 
and  100  msec  scan  times.  However,  the  4.26  CO2  doublet  was  not  resolved 
at  the  1.0  msec,  scan  time.  The  problem  appeared  to  be  the  relatively 
large  time  constant  of  the  new  InSb  detector  (Barnes  Eng.  #101).  Other- 
wise. the  spectral  resolution  at  the  1.0  msec  scan  time  was  good.  The 
9-mm  v'^trance  and  exit  slit  baffles  were  used  instead  of  the  norma''  12-mm 
baffles,  so  that  the  projected  image  of  the  entrance  slit  was  completely 
inside  the  central  core  of  the  propellant  flames. 

The  combustion  chamber  was  located  at  the  common  focal  plane  of 
the  spectrometer  and  the  radiation  source.  At  this  distanc-  ^oproxi- 
mately  78  cm,  the  projected  image  of  the  entrance  slit  was  approximately 
11.0  mm  x 0.25  nvn.  The  relatively  long  optical  path  had  to  be  purged 
with  CO2-H2O  free  gas  in  order  to  eliminate  atmospheric  CO2  and  H2O 
absorption.  Both  the  radiation  source  and  the  spectrometer  have  tunnels 
which  extend  from  these  units  and  seal  to  the  combustion  chamber.  The 
spectrometer  was  purged  with  CO2-H2O  free  air  which  was  dried  in  a 
refrigeration  air  drier  (Puregas  Model  750)  acd  then  passed  through 
cannisters  of  molecular  sieves  (13x)  to  remove  CO2  and  remaining  traces 
of  water. 


Infrared  Radiation  Source 

The  high  temperature  infrared  radiation  source  used  for  this  study 
was  a modified  version  of  a Warner  and  Swasey  Model  20  Synchronized 
Radiation  Source.  The  infrared  source  supplied  with  the  Model  20  was  a 
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fused  silicon  carbloe  Globar.  Ttie  radiation  from  the  Globar  was  focused 
on  the  exit  slit  of  the  source  by  means  of  a spherical  and  planar  mirror. 
The  energy  from  this  exit  slit  was  collected  by  a Cassagralnlan  optical 
system,  Identical  to  the  one  In  the  spectrometer,  and  Imaged  on  the 
common  focal  plane  of  the  spectrometer  and  source. 

The  maximum  operating  temperature  of  the  Globar  Is  approximately 
1500°K,  which  Is  not  high  enough  to  permit  absorption  measurements  1r. 
high  tenperature  propellant  flames  ( 2400-2700 "K).  Fortunately,  Robert 
J.  Law  [28],  while  working  with  this  same  Instrument,  developed  a new 
hlgh-tenperature  Infrared  radiation  source  which  operates  at  2700-2800“K. 
The  Glo-Rod  elements  were  made  from  vitreous  carbon  rods,  3.18  mm  In 
diameter  and  5.1  cm  long.  The  vitreous  carbon  was  supplied  by  the  Beck- 
with Carbon  Corp.  of  Van  Nuys,  Calif.  Vitreous  carbon  properties  are 
Intermediate  between  glass  and  carbons  In  respect  to  thermal  end  electri- 
cal conductivity.  Therefore,  It  is  described  as  a conductive  ceramic. 

The  source  element  was  electrically  heated  to  the  operating  temperature 
by  passing  a current  of  approx-imately  140  amperes  at  10  VAC,  supplied 
by  a large  step-down  transformer.  The  current  to  the  source  elements, 
and  thus  Its  temperature,  was  set  by  means  of  a large  autotransformer  on 
the  primary  winding  side  of  this  large  step-down  transformer.  An  optical 
pyrometer  (Leeds  and  Northrup  Nodel  8732-C)  was  used  to  measure  the 
element  temperature  through  a window  In  the  outer  source  housing.  The 
optical  pyrometer  was  calibrated  just  prior  to  this  study,  and  this  cali- 
bration Is  traceable  to  an  NBS  standard  lamp.  The  temperature  of  the 
source  element  was  not  controlled  with  a controller  circuit.  However,  in 
the  range  2700-2800®K,  the  source  temperature  rarely  fluctuated  more  than 
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± 20‘*K.  At  these  high  temperatures  the  source  element  had  to  be  operated 
in  an  argon  atmosphere,  to  keep  element  degradation  to  a minimum.  The 
original  design  used  a pool  of  mercury  as  the  bottom  source-element 
terminal,  thus  eliminating  any  potential  problems  caused  by  thermal 
expansion  of  the  vitreous  carbon  rod.  The  entire  source  element  mount- 
ing assembly  was  water-cooled.  A complete  description  of  this  new 
source  is  given  by  Law  [28]. 

The  Glo-Rod  source  used  by  Law  was  modi^^ied  in  two  ways  for  use  in 
this  study.  First,  the  pool  of  mercury  was  eliminated.  It  was  dis- 
covered that  both  ends  of  the  rod  could  be  rigidly  mounted,  without  any 
deleterious  effects  due  to  thermal  expansion.  However,  a stiff  leaf 
spring  was  added  to  the  top  mounting  head,  which  allowed  it  to  move  the 
necessary  raction  of  a millimeter.  Also,  since  the  chopper  wheel  of 
the  Model  20  Synchronized  Radiation  source  was  not  going  to  be  used  in 
this  study,  the  exit  slit  and  mirrors  of  the  Model  20  were  removed.  The 
Glo-Rod  element  was  located  at  the  old  slit  location;  thus  any  energy 
losses  associated  with  the  mirrors  and  exit  slit  were  eliminated.  The 
source  element  was  operated  at  a brightness  temperature  of  2725^’K  during 
this  study,  and  each  element  lasted  approximately  two  hours  at  this  tem- 
perature. Although  each  test  las-ed  only  a matter  of  seconds,  it 
was  necessary  to  have  the  Glo-Rod  on  an  average  of  five  minutes  per 
test;  resulting  in  approximately  twenty-five  tests  per  source  element. 

Spectroscopic  Techniques 

Quantitative  analysis  by  means  of  infrared  absorption  spectroscopy 
is  based  on  the  use  of  the  Beer-Lairtert  Law, 
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in 


(1) 


where  P®  is  the  Incident  radiant  power • P;^  Is  the  transmitted  radiant 
power,  c is  the  the  concentration  of  the  absorbing  component,  X Is  the 
wavelength  of  the  absorption  band  associated  with  the  absorbing  compo- 
nent, £ Is  the  optical  pat;,  length  In  the  absorbing  gas,  and  K.  Is  the 

P? 

spectral  absorption  coefficient.  The  ratio  Is  called  the  absorp- 

po  Px 

tance  and  the  term  ls\  -p^  Is  called  the  absorbance.  This  section 

X 

describes  the  techniques  used  to  mearure  P®,  account  for  flame  emission, 
and  quantitatively  calibrate  the  system  for  the  conponents  studied. 


Single  Beam  Spectrometer  Data 

The  Warner  and  Swasey  Rapid-Scanning  Spectrometer  (Model  501)  is 
a single  beam  Instrument,  and  thus  a technique  of  measuring  the  Incident 
radiation,  P^  , has  to  be  established.  Many  of  the  popular  methods 
described  In  the  literature  [35]  were  not  applicable,  and  they  are 
described  only  briefly.  The  eiJ^>ty-cell  method  could  be  used  by  record- 
ing radiation  spectra  before  and  after  each  run,  and  then  calculating  an 
average  value  for  P°.  However,  the  twenty- four  sets  of  rotating  corner 
mirrors  do  not  all  have  the  same  reflectivity  [28].  This  variation  Is 
slight,  ± 2X,  for  all  but  one  set  of  comer  mirrors,  which  Is  off  by  lOS. 
Obviously,  this  condition  has  to  be  considered  if  the  empty-cell  method 
Is  used.  Although  this  method  accounts  for  the  reflection  and  absorption 
losses  of  the  two  sapphire  windows.  It  does  not  account  for  any  aspectral 
attenuation  of  the  source  radiation  due  to  reflection  and  scattering 
associated  with  the  flame.  Also,  since  the  high-temperature  Infrared 
source  used  for  this  study  does  not  have  a temperature  controller,  there 
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is  the  possibility  of  the  source  radiation  slowly  changing  with  time. 

The  empty-cell  method  cannot  account  for  this  possible  variation  in  the 
radiance  of  the  source. 

The  above  considerations  dictate  that  the  various  values  should 
be  meaijured  within  each  scan.  The  very  popular  tangent  base-line  method 
could  be  used  to  measure  the  CO2  26*  drawing  a tangent  to  the 
window  areas  on  either  side  of  this  absorption  band.  The  distance 
between  the  spectrometer  baseline  and  the  tangent*  measured  4.26  yin  is 
P4.25.  This  technique  would  make  the  data  reading  process  very  time 
consuming,  and  considering  the  large  quantity  of  spectra  required  to  be 
read,  it  is  not  a realistic  alternative.  Also,  due  to  the  characteristic 
spectral  shape  of  the  2.5-ym  to  5.5-ym  region,  and  the  very  broad  HCl 
absorption  band  (3. 3-3.7  ym)  adjacent  to  the  3.17-ym  HgO  absorption 
band,  this  tangent  method  would  be  most  difficult  to  apply  successfully 
to  the  3.17-ym  H2O  and  the  4.6-ym  CO  absorption  bands.  A typical  absorp- 
tion spectrum  is  shown  in  Figure  A-2,  with  the  various  bands  marked. 

Fortunately,  the  very  discernible  inflection  point  at  3.85  ym  to 
3.95  ym,  which  is  characteristic  of  the  spectrometer,  is  in  a non-absorb- 
ing band  or  "window"  area.  It  13  possible  to  relate  the  various  P° 
values  to  the  P°  . value  by 

w « 9 

P?  ■ "x  P|.9.  (2) 

where  the  coefficients  m^  are  calculated  from  empty-cell  data.  Except 
for  the  flame  attenuation,  which  will  be  discussed  later,  these  coeffi- 
cients are  a function  only  of  the  spectral  characteristics  of  the  spec- 
trometer, the  spectral  characteristics  of  the  sapphire  windows,  and  the 
source  temperature.  The  spectral  characteristics  of  the  spectrometer 
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and  Sapphire  windows  are  fixed  and,  of  course,  did  not  change  during  this 
study.  The  coefficients,  ratios  of  the  source's  spectral  radiance  at 
various  wavelengths,  are  a function  of  the  source  temperature  In  a manner 
described  by  the  Planck  radiation  law.  As  would  be  expected,  the  observed 
source  temperature  fluctuations  of  ± 20®K  when  operating  at  2725® K did 
not  produce  any  measurable  changes  In  these  coefficients.  Therefore, 
the  coefficients  calculated  from  empty*ce11  data  are  constants.  The 
usefulness  of  these  coefficients  to  calculate  the  various  P°  values  from 

A 

the  Pj  g value  measured  on  absorption  spectra  depends  on  the  validity  of 
one  assumption.  That  Is,  the  non-absorbing  attenuation,  reflection 
and  scattering,  of  the  source  radiation  due  to  the  flame  is  aspectral  in 
nature. 

Because  the  flame  attenuation  of  the  source  radiation  at  3.9  urn  Is 
non-absorbing  In  nature,  this  transmitted  radiation  will  be  represented 
by  the  P§  g nomenclature  and  not  P^  g.  The  coefficients  relating  the 
transmitted  radiation  at  other  "window"  areas  In  the  2.5  urn  to  5.5  \m 
region  to  P°  ware  measured  for  both  the  empty-cell  and  the  flame 
absorption  conditions.  These  preliminary  tests  indicated  that  the  non- 
absorbing flame  attenuation  of  the  source  radiation  was  Indeed  aspectral. 
The  use  of  these  coefficients  In  conjunction  with  the  P^  g value  measured 
for  each  scan,  provided  a convenient  and  quite  accurate  method  of  deter- 
mining the  various  P°  values  needed  for  absorption  calculations  within 
each  scan. 

Absorption  Measurements  in  Flames 

Flame  emission  Is  a major  concern.  Ideally,  the  experimenter 
seeks  to  distinguish  the  transmitted  source  radiation  from  the  flame 
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rad>  ition.  Usually  the  source  radiation  is  prechopped  mechanically  [17,  35] 
thus  producing  a high  frequency  AC  detector  signal  associated  with  the 
source  radiation,  while  the  flame  radiation  produces  a OC  signal.  The 
data  can  be  reduced  directly,  or  with  the  aid  of  electronic  filters  the 
OC  signal  can  be  eliminated,  leaving  only  the  absorption  information. 

This  technique  works  especially  well  for  monochromatic  operation,  and 
can  be  applied  to  slow  scan  operation.  However,  for  the  scan  time 
(0.50  msec.)  used  in  this  study,  this  technique  is  physically  impossible. 

Separate  emission  and  emission-absorption  measurements  can  be 
made,  and  the  emission  data  used  to  correct  the  emission-absorption 
data  to  absorption  only  data.  The  Warner  and  Swasey  Rapid-Scanning 
Spectrometer  is  equipped  with  a Model  20  synchronized  radiation  source. 

A chopper  wheel  in  the  source  unit  can  be  synchronized  with  the  scan 
wheel  in  the  spectrometer,  sc  as  to  block  the  source  radiation  on 
alternate  scans.  This  produces  flame  emission  and  emission -absorption 
spectra  cn  alternate  scans  of  the  spectrometer.  Although  the  synchro- 
nized source  provides  continuous,  alternating  emission  and  emission- 
absorption  measurements  during  a run,  it  also  reduces  the  time  resolu- 
tion of  tte  spectrometer  by  a factor  of  two.  The  phenomena  studied 
required  the  full  time  resolution  provided  by  the  spectrometer's  fastest 
scan  rate,  800  spectra  per  second.  Therefore,  the  synchronized  radia- 
tion source  was  not  used. 

An  alternative  method  would  consist  of  using  average  emission 
values  for  a given  test  condition  to  correct  the  emission-absorption 
data.  The  emission  data  could  be  obtained  from  a separate  emission-only 
run  at  the  same  test  conditions,  or  by  using  a shutter  in  the  source 
unit,  during  a segment  of  the  emission-absorption  run.  In  an  effort  to 
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see  if  this  method  could  be  successfully  applied,  the  nature  of  the  flame 
radiation  from  several  different  propellants  was  studied  for  both  steady- 
state  and  oscillatory  pressure  tests.  The  results  of  several  emission- 
only  tests,  which  are  representative  of  the  more  than  twenty-five  tests 
made,  are  shown  in  Figures  A-3  through  A-6.  The  quantities  measured  on 
emission-absorption  spectra  are  (P®  n P-s  o)  Pa)-  P?  q is  the 

transmitted  source  radiation  at  the  3.9-pm  "window"  area,  and  P3  g is  the 
flame  emission  at  this  wavelength.  P^^  is  the  transmitted  source  radiation 
at  the  absorption  band  wavelength,  X,  and  p^  is  the  flame  emission  at 
this  wavelength.  The  flame  radiation  values,  p>^,  are  fairly  constant 
during  constant  pressure  tests,  with  the  values  fluctuating  about  a mean 
value.  During  oscillatory  pressure  tests  the  flame  emission  values 
oscillated  in  phase  with  the  pressure.  However,  even  for  large  pressure 
oscillations  (10-20%  change  in  the  mean  pressure),  the  fluctuations  in 
the  flame  radiation  values  were  usually  smaller  than  those  during  a 
constant  pressure  test. 

The  p values  can  be  represented  as  the  sum  of  a mean  value,  ? , 

A A 

and  a fluctuating  component,  pj^,  where  the  value  of  pj^  can  be  either 
positive  or  negative.  Thus,  the  average  value  method  results  in  the 
following  absorbance  term 


Equation  (2)  can  be  used  to  simplify  the  right  hand  side  of  equation  (3) 
or 
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FIGURE  A-3.  TEMPERATURE  AND  FLAME  RADIATION  DATA  FOR  A CONSTANT-PRESSURE 
TEST.  The  ri  g/Px)  ratios  are  also  plotted.  (82  wt.  % AP 
propellant  [LlrPj,  3-5  mm,  Run  No.  1-4474,  film-reader  units 
plotted) 


no 


FIGURE  A-4.  TEMPERATURE  AND  FLAME  RADIATION  DATA  FOR  A CONSTANT- PRESSURE 
TEST.  The  (^S.O/Px)  ratios  are  also  plotted.  (82  wt.  % AP 
propellant  [UFP],  3-5  mm,  Run  No.  3-31574,  film-reader  units 
plotted) 


in 
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FIGURE  A«5.  TEMPERATURE  AND  FLAME  RADIATION  DATA  FOR  A CONSTANT-PRESSURE 
TEST.  The  (^s.g/Px)  ratios  are  also  plotted.  (82  wt.  % AP 
propellant  [UFPj.  3-5  nin.  Run  No.  3-31574,  film-reader  units 
plotted) 
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FIGURE  A-6.  TEMPERATURE  AND  FLAME^RAOIATION  DATA  FOR  A 54  Hz.  OSCILLATORY- 
PRESSURE  TEST.  The  (^3.9/Px)  ratios  are  also  plotted.  (82 
wt.  % AP  propellant  [UFPj,  3-5  nin,  Run  No.  2-4374,  film-reader 
units  plotted) 
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in 


(^3.9  * P3.9) 


£n 


^ V'3.9 
^P'a 


(4) 


Since  the  fluctuating  components,  pj  g and  pj|^,  are  small  compared  to 
P°  and  . 


(5) 


which  is  the  absorbance  term  defined  by  the  Beer-Lambert  law. 

Preliminary  calibration  work  to  exploit  this  method  revealed  a 
serious  disadvantage.  The  subtraction  operation  in  the  denominator  can 
result  in  a relatively  small  number  compared  to  that  obtained  in  the 
numerator.  Thus,  the  subsequent  division  yields  a number  which  is  large 
compared  to  the  denominator.  While  the  relative  error  introduced  in  the 
data  reading  process  remains  constant,  the  above  operations  magnify  the 
absolute  error  greatly.  Fortunately,  the  emission-only  tests  revealed 
several  other  characteristics  of  the  flame  radiation  which  lead  to  a 
different  method  of  interpreting  the  emission-absorption  data.  As  was 
discussed  earlier,  the  p^  values  are  fairly  constant  during  both  steady- 
state  and  oscillatory  pressure  tests,  even  though  the  p^^  values  do  oscil- 
late in  phase  with  the  pressure  during  the  oscillatory  pressure  tests. 

In  a like  manner,  the  p^  values  for  constant  pressure  tests  also  vary 
with  the  total  pressure,  but  not  in  a way  which  is  easily  discernible. 

Refer  to  Table  A-2.  Some  of  the  data  indicate  that  the  p;i^  values 
increase  directly  with  the  pressure,  as  might  be  expected.  However,  the 
important  point  is  that  the  absolute  value  of  these  variations  is  compar- 
atively small  with  respect  to  the  p^  values.  Also,  even  though  the  pp^  values 

Pi  q 

fluctuate  during  a test,  the  ratios  remain  constant,  indicating 
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that  the  fluctuations  are  aspectral  in  nature.  Moreover,  the  value  of 
these  ratios  are  nearly  constant  from  run  to  run,  regardless  of  the 
change  in  the  g and  p^^  values.  The  value  of  these  ratios  typically 
vary  only  5-10%  from  run  to  run,  with  the  maximum  variation  observed 
being  approximately  20%.  The  fluctuations  in  the  ratios  plotted  in 
Figures  A- 3 through  A-6,  almost  without  exception,  fall  within  the 
precision  of  the  data  reading  process.  The  two  most  likely  causes  of 
these  aspectral  emission  fluctuations  are  aspectral  attenuation  caused 
by  particulate  scattering  in  the  flame  and  fluctuations  in  the  optical 
density  of  the  flame.  The  non-catalyzed,  non-metal li zed  high-AP- 
content  propellants  used  should  be  fairly  clean  and  free  of  large 
amounts  of  particulate  matter.  High  speed  motion  pictures  (1000-1500 
pictures  per  second)  of  these  flames  showed  a flickering  on  the  edges 
of  the  flame,  which  could  account  for  changes  in  the  optical  density 
of  the  flame.  The  flame  flickering  visually  appeared  to  increase  in 
both  frequenqy  and  amplitude  with  increasing  distance  from  the  propel- 
lant surface,  however,  this  was  not  noticed  in  the  flame  emission 
fluctuations.  Although  the  reason  for  this  discrepancy  is  unknown, 
this  flickering  is  believed  to  be  the  main  cause  of  the  flame  emission 
intensity  fluctuations, 
since  » n^p^. 


£n 


K<’’3.9  * P3.9>1  K<'’3.9  * "xPaH  ..  Pa  * "a"aI>a1 


For  the  normal  non-radiating  spectroscopic  sample,  p.  = 0,  the  above 

['’aI 

term  is  just  the  absorbance,  fn  p;- I . Therefore,  if  the  ni^n^p^  a 
p,  terms  are  comparatively  small,  the  above  uncorrected  emission- 
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absorption  data  Is  approximately  equal  to  the  absorbance.  In  this 
work,  the  values  are  all  only  10-15%  of  their  respective  P° 

values,  and  the  H2O  p^  17  is  only  15%  of  the  HgO  17  values.  How- 
ever, the  CO2  p^  26  6 typically  25%  and  50%  of 

the  CO2  P4  26  ^4  6 >"®spectively. 

For  the  special  case  where  the  p^  values  are  constant  for  all 
conditions, 

^n 

where  and  are  constants.  Therefore,  the  above  nwdified  absor- 
bance term  must  also  be  related  to  the  concentration  of  the  absorbing 
component  by  the  Beer-Lambert  law.  This  special  case  wiis  closely 
approximated  over  the  pressure  range  covered  in  the  work,  25  psia  to 
100  psia,  suggesting  that  this  uncorrected  modified  absorbance  term 
could  be  calibrated  ar.d  used  in  the  same  way  as  the  standard  absorbance 
term.  Also,  since  p^  appears  in  both  the  numerator  and  denominator, 
small  fluctuations  in  p^  result  in  very  small  changes  in  the  value  of 
the  modified  absorbance  term. 

Qualitative  Calibration 

Since  the  early  work  of  Angstrom  [36]  in  1B90,  it  has  been  known 
that  the  absorption  of  radiation  by  gases  at  room  temperature  deviates 
from  the  Beer-Lambert  law.  However,  recent  experimental  work  by  Tourin 
[37,  3B,  39],  with  two  of  the  gases  of  interest  in  this  study,  H2O  and 
CO2,  indicates  that  the  Beer-Lambert  law  is  applicable  to  the  spectral 
absorption  of  hot  gases.  Therefore,  calibration  tests  were  made  to  see 
if  the  above  modified  absorbance  term  also  obeyed  the  Beer-Lambert  law. 


''a  * h 


. tn 


(7) 
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It  Is  well  known  that  the  absorption  coefficient,  K^,  depends 
on  temperature.  Thus,  the  calibration  work  had  to  be  done  at  the  flame 
temperatures  of  the  propellants  studied.  Originally,  this  calibration 
work  was  going  to  be  done  with  hydrocarbon^oxygen  gas  flames,  using 
equillbiri'n  gas  compositions  calculated  from  thermochemical  data.  A 
special  sintered-stalnless  steel  frit  gas  burner  was  made  from  a spare 
propellant  holder.  But  It  was  decided  that  many  potential  problems 
could  be  eliminated  If  the  propellant  flames  to  be  studied  were  also 
used  for  the  calibration  work.  The  major  problem  eliminated  was  the 
Inherent  uncertainty  of  how  much  difference  there  was  In  the  optical 
path  length  In  the  two  types  of  flames.  Since  the  slope  of  the  Beer- 
Lambert  plots  Is  k^£,  going  from  o'>e  system  to  the  other  would  require 
adjustnient  of  the  slopes  of  the  calibration  curves.  High-speed  motion 
pictures  Indicated  that  measuring  the  path  length,  I,  would  be  difficult 
at  best.  By  using  the  propellants  for  everything,  the  optical  path 
length,  -f,  was  a constant  and  did  not  explicitly  enter  Into  the  calcula- 
tions. 

The  calculated  adiabatic  flame  temperature  and  species  concentra- 
tions for  a B2  wt.%  AP  propellant  are  plotted  as  a function  of  the 
combustion  chamber  pressure  In  Figure  E-3.  Since  both  the  flame 
temperature  and  the  species  mole  fractions  of  a given  propellent 
are  essentially  Independent  of  pressure  over  the  pressure  range  of 
Interest,  a constant  temperature  calibration  can  be  made  by  making 
several  tests  at  different  total  pressures.  Recent  studies  [40,  41 ] 
have  shown  that  calibrations  of  this  type,  where  the  ratio  of  the 
absorbing  component  partial  pressure  to  the  total  pressure  are  kept  con- 
stant, produce  a family  of  11nea>"  Beer-Lambert  curves.  All  the  curves 
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go  through  the  origin,  but  the  slopes  are  a function  of  the  pressure 
ratio.  If  this  same  calibration  is  done  at  constant  total  pressure, 
instead  of  constant  pressure  ratio,  a family  of  curved  Beer-Lambert 
type  curves  is  produced  just  by  changing  the  total  pressure.  Effects 
of  this  type  have  been  observed  at  low  pressures,  atmospheric  and 
below,  and  can  be  explained  in  terms  of  pressure  broadening  of  the 
unresolved  spectral  lines  encompassed  within  the  spectral  slit  width  of 
the  spectrometer.  Tourin,  et  a1 . . [42,  43]  has  shown  that  this  pressure 
effect  is  important  only  at  low  pressure,  atmospheric  and  below,  and 
that  the  spectral  lines  are  completely  pressure  broadened  at  pressures 
above  two  atmospheres.  Therefore,  the  pressure  broadening  effects  on 
the  absorption  coefficient  should  not  be  observed  in  this  work. 

Since  the  82-weight- percent  AP  propellent  was  used  for  the 
majority  of  the  tests,  for  reasons  that  are  discussed  in  Chapter  IV,  this 
propellant  was  also  used  for  the  calibration  tests.  The  species  concen- 
trations used  in  this  calibration  work  are  equilibrium  concentrations 
calculated  by  the  computer  program  discussed  in  Appendix  E.  The  cali- 
bration curves  for  the  species  of  interest  (H2O,  CO2  and  CO)  are  plotted 
in  Figures  A-7,  A-8  and  A-9.  All  of  the  calibration  curves  are  linear, 
but  they  do  not  pass  through  the  origin  as  required  by  the  Beer-Lambert 
law.  This  is  not  surprising,  considering  the  definition  of  the  modified 
absorbance  term  used  in  these  calibrations.  In  fact,  the  relatively  small 
values  for  all  the  intercepts  is  probably  an  indication  of  how  small  of 
an  effect  the  flame  radiation  terms,  Pj^,  really  had  on  the  values 
of  the  modified  absorbance  terms.  Almost  all  of  the  H2O  calibration 
points  fell  on  the  one  calibration  curve.  The  two  extreme  data  points 
in  Figure  A-7  are  typical  of  occasional  tests  vrtiere  the  apparent  H2O 
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concentration  was  excessive.  This  excessive  HgO  concentration  was  also 
detected  during  many  of  the  oscillatory  pressure  tests.  The  cause 
of  this  apparently  large  H2O  concentration  is  not  understood.  A family 
of  three  constant-slope  calibration  curves  existed  for  both  the  CO2 
and  CO.  These  sets  of  curves  are  a result  of  a change  in  CO  and  CO2 
concentration  with  increasing  distance  from  the  propellent  surface. 

Data  showing  this  effect  are  plotted  in  Figure  7 (Chapter  IV).  Notice 
that  the  H2O  concentration  is  essentially  constant  throughout  the  flame 
region  studied,  explaining  why  only  one  H2O  calibration  curve  was 
observed. 

In  the  case  of  the  CO2  and  the  CO  calibration,  curves  B and  C 
represent  data  taken  approximately  3-5  mm  and  12-14  mm  from  the  pro- 
pellant surface,  respectively.  Each  curve  is  made  up  of  data  taken 
on  three  separate  days,  over  the  course  of  several  months,  and 
with  propellant  strands  from  two  different  propellant  batches.  Curve 
A also  represents  data  taken  close  to  the  propellent  surface,  and  it 
should  coincide  more  closely  with  Curve  B.  The  reason  for  this 
discrepancy  is  unknown.  However,  the  fact  that  all  the  data  for 
Curve  A were  taken  in  one  day,  a couple  of  months  before  the  data 
associated  with  the  other  two  curves,  suggests  that  some  anomaly  is 
present  in  these  earliest  data.  One  possibility  is  that  the  propellant 
strands  used  for  these  earliest  tests  were  cut  from  a portion  of  the 
propellant  slab  that  had  a slightly  different  composition  than  the  rest 
of  the  batch.  In  any  event,  the  data  reported  were  taken  during  the 
time  period  covered  by  Curves  B and  C,  and  Curve  A was  not  used  to 
reduce  any  of  the  data  reported.  The  important  feature  of  Curve  A is 
that  its  slope  is  identical  to  the  slopes  of  Curves  B and  C. 
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These  double  CO2  and  CO  calibration  curves  are  displaced  segments 
of  the  true  calibration  curves.  This  displacement  is  due  to  the  use 
of  the  same  equilibrium  composition  data  for  both  positions  in  the 
propellant  flame,  when  in  fact  a change  in  the  CO^  and  the  CO  compos i- 
tioFi  h.j'i  lx.'on  observed  experimentally.  For  obvious  reasons,  the  gas- 
phase  composition  farthest  from  the  propellant  surface  is  likely  to 
be  closest  to  the  calculated  equilibrium  composition.  Therefore,  it 
was  assumed  that  curve  C was  the  true  calibration  curve  for  both 
the  CO2  and  the  CO.  Use  of  this  calibration  curve  with  data  obtained 
close  to  the  propellant  surface  indicates  the  true  fuel-rich  nature  of 
this  zone  adjacent  to  the  burning  surface.  It  should  be  noted  that 
the  difference  between  curves  B and  C only  produces  a difference  of 
1-3  mole  percent  and  5-10  mole  perc*»nt  in  the  absolute  CO2  and  CO 
concentrations  respectively.  The  primary  concern  in  this  work  was 
changes  in  concentrations,  which  are  related  to  the  slopes  of  the 
calibration  curves. 

The  slope  and  location  of  the  H2O  and  CO2  calibration  curves 
are  very  well  defined.  However,  the  scatter  in  the  CO  data  makes  it 
more  difficult  to  determine  the  exact  CO  calibration  curve.  Although 
the  exact  location  is  in  doubt,  the  slope  of  the  CO  calibration 
curve  is  fairly  well  defined.  Therefore,  the  measured  changes  in  the 
gas  phase  composition  are  considered  to  be  quite,  accurate,  even  though 
the  absolute  values  might  be  in  error  slightly. 

Also,  the  slope  of  the  CO  calibration  curves  is  negative,  which 
is  a iiartling  observation  at  first  glance.  The  reason  for  this  nega- 
tive slope  is  apparent  when  the  modified  absorbance  term 
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VxPx 
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is  studied.  The  terms  for  the  HgO,  C02t  and  CO  absorption  bands 
are  approximately  1.0,  0.40,  and  0.45  respectively.  For  the  weak  CO 
absorbing  band  at  4.6  urn,  only  0.40  (p^  g)  is  added  to  g in  the 
numerator,  while  the  entire  P4  g is  added  to  the  P4  5 in  the  denominator. 
Since  the  4.6  ;]m  CO  band  is  a weak  absorber,  the  denominator  in  the 
modified  absorbance  term  increases  faster  than  the  numerator,  result- 
ing in  a negative  slope.  Even  though  the  CO2  25^4  25 
approximately  the  same  value,  0.40,  the  fact  that  the  4.26  urn  CO2  band 
is  a strong  absorber  prevents  the  above  from  occurring.  It  should  be 
noted  that  this  negative  slope,  which  was  calculated  from  the  average 
values  of  many  runs,  is  consistent  with  several  observations.  The 
observed  change  in  the  CO2  and  CO  concentrations,  whi’e  the  H2O  concen- 
tration remains  constant,  with  increasing  distance  from  the  propellant 
surface,  is  consistent  with  this  negative  slope  calibration  curve. 

Also,  the  observed  CO2  and  CO  concentration  fluctuations  with  time  are 
consistent  with  the  calibration  findings. 

Because  the  absorption  coefficient,  is  a function  of  tempera- 
ture, these  82-weight  percent  calibration  curves  may  not  be  used  with 
the  data  from  the  80  and  85-weight  percent  propellant  tests.  Separate 
calibration  curves  for  the  80  and  85-weight-percent  propellants  were 
not  made.  However,  a few  80  and  85-weight-percent  propellant  data 
points  are  plotted  in  Figures  A-10,  A-11  and  A-12,  along  with  the 
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FIGURE  A-10.  COMPARISON  OF  H?0  DATA  FROM  80  AND  85  WEIGHT  PERCENT 
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82 -weight-percent  propellant  calibration  curves.  It  Is  hard  to  discern 
any  trend  from  this  limited  anjount  of  data.  Even  though  the  difference 
between  the  calculated  adiabatic  flame  temperatures  for  the  80  and  82 
and  the  82  and  85-we1ght  percent  propellants  Is  only  approximately 
175-200®K,  no  attempt  was  made  to  use  the  82-we1ght-percent  propellant 
calibration  curves  for  these  other  data.  Instead,  only  pressure  corrected 
absorbances  are  reported  for  the  limited  80  and  85  propellant  data. 


APPENDIX  B 


FLAME  TEMPERATURE  MEASUREMENTS 

The  flame  temperatures  were  determined  by  the  simultaneous  measure- 
ments of  the  flame's  spectral  radiance  and  spectral  absorptance  at  one 
wavelength.  This  temperature  measurement  technique  was  first  reported 
by  Schmidt  in  1909  [44],  and  was  first  used  with  modern  equipment  and 
interpretation  by  Silverman  in  1949  [45].  This  radiometric  method  of 
gas  pryometry  is  often  referred  to  as  the  Schmidt  or  the  Planck-Kirch- 
hoff  method.  Although  the  sodium  0-line  wavelengths  were  used  in  this 
work,  the  Schmidt  method  has  no  wavelength  restrictions. 

Equipment  for  Flame-temperature  Measurements 

A schematic  of  the  electro-optical  hot-gas  pyrometer  used  to  measure 

the  flame's  radiance  and  absorptance  is  shown  in  Figure  B-1 . The  radiant 
energy  from  the  light  source  was  focused  on  the  slit  of  the  chopper  wheel 
assembly  by  a coiribination  of  a plane  and  a spherical  mirror.  A Casse- 
grainian  optical  system  collected  the  radiant  energy  from  the  slit  and 
focused  it  on  the  center  plane  of  the  combustion  chamber.  A matched 
Cassegrainian  optical  system  in  the  receiver  unit  collected  the  combined 
source  and  flame  radiation  and  focused  it  on  the  detector. 

A GE  18A/T10/1P  tungsten  strip  lamp,  powered  by  a Technipower  (Model 
LlO-25)  power  supply,  was  used  as  the  light  source.  The  strip  lamp  was 
operated  at  an  effective  black-body  temperature  of  2553“K.  The  22-cm 
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diameter  chopper  wheel  contained  64  slots  around  its  periphery,  and  it  was 
driven  by  a 12-VDC  motor.  The  motor  was  powered  by  a Lambda  {Model  LH 
122a  FM)  regulated  power  supply,  which  was  used  to  set  the  speed  of  the 
motor.  The  motor  speed  was  set  to  produce  4500  interruptions  of  the 
source  beam  per  second,  yielding  a maximum  of  4500  temperature  measure- 
ments per  second. 

Prior  to  entering  the  RCA  7102  photo-multiplier  detector,  the  light 
beam  passed  through  a small  entrance  slit  and  an  interference  filter. 

The  entrance  slit  was  3. IB  mm  long  and  0.50  mm  wide,  and  its  projected 
image  in  the  focal  plane  of  the  receiver  unit  was  appro..imately  4.0  rtm 
long  and  0.62  mm  wide.  This  small  slit  guaranteed  that  only  radiation 
from  the  very  central  core  of  the  propellant  flame  was  measured.  The 
interference  filter  (Baird  Atomic,  Inc.,  Type  B-11  (x))  provided  the  very 
narrow  spectral  band  necessary  in  the  Schmidt  method,  transmitting 
radiant  energy  only  from  0.5BB3-um  to  0.591 4-ym.  The  transmittance 
curve  for  this  particular  filter  is  shown  in  Figure  B-2.  The  RCA  7102 
photomultiplier  was  operated  at  a voltage  of  1150  VDC,  supplied  by  a 
Hewlett-Packard  OC  power  supply  {Model  # 6110A).  With  these  operating 
conditions  the  photomultiplier  output  was  approximately  B volts;  thus 
the  signal  did  not  require  amplification  before  going  to  the  oscilloscope 
for  recording. 

Theoretical  Oevelopment  of  the  Temperature  Equation 

The  temperature  equation  used  in  this  work  is  based  on  Wien’s  energy- 

distribution  law  instead  of  Planck's  law,  and  the  development  of  the 
equation  presented  follows  Millar  et  ^.[29].  Figure  B-3  is  a schematic 
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FIGURE  B-3.  A SCHEMATIC  DIAGRAM  OF  THE  PYROMETER'S  OUTPUT  SIGNAL. 
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diagram  of  the  hot-gas  pyrometer's  output  during  both  no-flame  and  flame 
conditions. 

If  the  chopper  wheel  is  not  blocking  the  background-source  light 
beam,  and  there  is  no  flame  present,  the  detector  output,  Ds,  may  be 
expressed  as 

Ds  “ C Np5(A|j,Tpj)  , (1) 

where  Tp^  is  the  true  temperature  of  the  projected-image  of  the  background 
source,  and  Np^  (Aq,  Tj)  is  the  spectral  radiance  of  the  projected  image 
of  the  background-source  over  the  very  narrow  spectral  range,  AA^,  trans- 
mitted by  the  Na  D-line  filter.  The  proportionality  constant,  C,  is 
characteristic  of  the  transmission  coefficient  of  the  optical  equipment 
between  the  flame  location  and  the  detector,  the  detector  sensitivity, 
and  the  calibration  factor  for  the  electronic  equipment. 

For  the  flame  condition,  with  the  chopper  blocking  the  background- 
source  light  beam,  the  detector  output,  Df,  is  given  by 

= C N^(Ap,  T^)  . (2) 

where  N^(Ap,  T^)  is  the  spectral  radiance  of  a blackbody  at  the  true 
temperature  of  the  flame  (Tf)  over  the  narrow  spectral  range  AAq,  and 
is  the  effective  flame  emissivity  over  this  same  spectral  range. 

For  the  flame  condition,  with  the  chopper  wheel  not  blocking  the 
background-source,  both  flame  radiation  and  the  transmitted  background- 
source  radiation  reach  the  detector.  Thus,  the  detector  output  is  given 
by 

Hf  Oj  = CefjN^X;,  Jf)  . C[Nps{X|j.Tps)  - Nps(X|,  Jpj)] 

= «V(Xo.Tps)  - Cf,  Np3(XoJpp)  ♦ Cj,  N»(X„_  Tf)]  . (3) 
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where  0^  is  the  detector  output  signal  due  to  the  transmitted  radiation, 
and  is  the  effective  absorptivity  of  the  flame  over  the  spectral 
range 

Equations  (1),  (2)  and  (3)  can  be  combined  to  yield 


D,  + Dt  = D - a D + D, 
T ' s fx  s f 


Rearranging  equation  (4)  gives 
Ds*Ot 


(4) 


‘^fA  " 


(5) 


Thus,  the  average  absorptance  (absorptivity)  of  the  flame  over  the  spec- 
tral range  AA^  can  be  determined  from  a record  of  the  detector's  output. 

If  Kirchhoff's  law  holds,  the  absorptance  (absorptivity)  of  the  flame 
at  any  wavelength  equals  the  emissivity  of  the  flame  at  the  same  wave- 
length. (The  validity  of  this  assumption  is  discussed  later.)  There- 
fore, the  average  absorptivity  over  AA^  equals  the  average  emissivity 
over  that  same  spectral  range,  or 

“fA  " ^fA 


Equations  (1),  (2),  (3),  and  (6;  combine  to  yield 

Ps  ~ ^T  _ Nps(Ap,Tps) 

Tf) 

Wien's  energy-distribution  law  is  used  to  determine  the  flame 

temperature  from  the  flame  radiance.  Wien's  law  for  the  flame  is 

A2 


(7) 


N^AqJ^)  = 


f ^ exp  /- 

i a5  V AT^/ 


dA 


(8) 


where  A2  - A^  = AA^^,  the  spectral  r?.r.;c  passed  by  the  sodium  D-line 
filter.  C-|  and  are  known  constants.  For  the  projected  image  of  the 
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background-light  source  Wien's  law  is 


where  is  the  brightness  temperature  measured  at  (the  temperature 
of  a blackbody  which  has  the  same  spectral  radiance  as  the  projected 
image  of  the  background-light  source  over  the  spectral  range  AAq  ) of  the 
projected  image  of  the  background-light  source. 

Since  AAp  is  relatively  small,  the  mean  value  theorem  can  be  used  in 
evaluating  both  N^(A.T^)  and  N^(A,Tpg).  That  is,  N^(A,T^)  and  N^(A,T^^)  may 
be  expressed  as  the  product  of  AA  and  the  mean  value  of  the  integrand  in 
the  spectral  range  AA^,  or 


Equation  equations  (7)  and  (10)  yields 


Dj  - 0^ 


[ “fj  ApTg,  • 

Rearrangement  of  equation  (11)  results  in  the  temperature  equation 


(12) 


where  the  constants  A^  and  C2  are  0.5896-pm  and  1.43g-cm‘’K  respectively, 
and  Tp^  is  the  brightness  temperature  of  the  projected  image  of  the  back- 
ground-source measured  at  A^.  Remember  that  0^,  Dj,  and  are  all 
measured  off  the  recorded  detector  output. 

The  brightness  temperature  of  the  projected  image  of  the  background- 
source  was  measured  with  a Leeds  and  Northrup  optical  pyrometer  (Model 
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8632-C).  The  temperature  measurements  were  made  with  the  cori)ustion 
chamber  removed,  but  with  one  of  the  quartz  combustion  chamber  windows 
in  the  optical  path.  Two  different  methods  of  viewing  this  projected 
image  were  tried.  First,  the  optical  pyrometer  was  mounted  in  place  of 
the  photomultiplier  detector  assembly  and  focused  on  the  projected 
image.  This  technique  gave  a brightness  temperature  of  2358®K  when  the 
tungsten  strip  lamp  was  operated  at  a brightness  temperature  of  2553“K. 
The  second  method  used  a 45“  first-surface  mirror  at  the  plane  of  the 
projected  image  of  the  background-source,  and  the  pyrometer  was  focused 
on  the  projected  image  on  the  first-surface  mirror.  This  technique  gave 
a brightness  temperature  of  2273®K  when  the  tungsten-strip  lamp  was 
operated  at  a brightness  temperature  of  2553“K.  The  relatively  small 
difference  (85® K)  obtained  by  these  two  methods  might  suggest  the  use  of 
a mean  temperature  value.  However,  preliminary  temperature  calculations 
showed  that  the  2273®K  value  resulted  in  measured  flame  temperatures 
that  were  more  consistent  with  respect  to  the  calculated  adiabatic  flame 
temperatures  for  these  propellants.  Therefore,  2273®K  was  used  exclu- 
sively for  all  the  temperature  calculations  reported. 

Because  the  optical  pyrometer  measures  brightness  temperatures  at  a 

wavelength  of  0.653  urn  (A  ),  it  was  necessary  to  correct  the  pyrometer 

P 

readings,  TP,  to  the  corresponding  sodium  D-line  (Aq  = 0.5896  ym)  bright- 
ness temperatures,  T^.  The  equation  used  to  correct  the  measured  tung- 

p 

sten  filament  temperature,  Tj,  can  be  developed  by  again  using  Wien's 
energy-distribution  law.  If  T^  is  the  true  filament  temperature,  and 
is  the  tungsten  filament  emissivity  at  Ap,  then,  from  Wien's  law 

= C^Ap5exp(-C2/ApTP)  = exp(-C2/ApT^)  , (13) 


and 
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(14) 


“ C-|  Xq  exp(-C2/XjjTg)  = ®^P("^2^^D^s^  * 


where  Is  the  tungsten  filament  emissivity  at  Xq.  Equations  (13)  and 
(14)  can  both  be  solved  for  and  then  equated,  yielding 

^ £n  ep  - ^ £n  eg  . (1£ 

Ts  Tg  h S 


Using  and  e^j  values  of  0.420  and  0.430  respectively  [46],  in  equation 
(15)  yields  a value  of  2585"K  corresponding  to  the  measured  value 


of  2553®K. 

The  following  assumption  has  to  be  made  in  order  to  correct  the 

measured  temperature,  , of  the  pro jected-i mage  ot  the  background 

ps 

source:  the  same  fraction  of  tue  source  radiance  at  Xr.  and  X reach 

u p 

the  projected-image,  or 


Nps  (Xg,T^g)  ^ Nps  (^piTjpg) 

()>D.T|  ) (Ap,  Tg) 


Use  of  Wien's  law  allows  equation  (16)  to  be  rewritten  as 


C^X^^exp  (-C2/^ps)  C^Xp^exp  (-C2/^p^ps) 

C-jA^^exp  (-C2/>DTb  Ci'xp^xp  (-Cj/ApT?) 

Equation  (17)  can  be  simplified  and  rearranged  to  yield 

1 = r 1 . 1 1 . 1 


p Tgs  Tg  Ts 


The  above  T^  value  of  2585®K,  and  the  measured  tP  and  T^  values 
s s ps 

of  2553°K  and  2273°K  respectively  were  used  to  calculate  a T^^  value  of 

2324®K.  This  calculated  T^  value  and  the  Xn  and  C„  values  can  be  used 

ps  ^2 

to  rewrite  equation  (12)  in  the  final  form  used  to  calculate  flame 


temperature, 
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1 j.  0.5896-um  lO'^cm 

232VK  1 .4'35cF1<  pm 


(19) 


Throughout  the  derivation  of  equation  (19),  Wien's  law  was  used 
instead  of  the  more  exact  Planck  radiation  law.  However,  for  the  sodium 
D-line  wavelengths,  the  discrepancy  between  Wien's  law  and  Planck's  law 
is  less  than  one  percent  for  temperatures  less  than  4000°K  [47],  Since 
almost  all  the  flame  temperatures  in  this  study  were  below  3000“K,  the 
use  of  the  simpler  Wien's  law  should  not  introduce  significant  error  in 
the  values  of  the  calculated  flame  temperatures. 

The  accuracy  of  the  above  temperature  equation  depends  on  the 
validity  of  several  assumptions  made  during  its  derivation.  The  Schmidt 
method  measures  one  of  the  statistical  temperatures  associated  with  the 
internal  energy  distributions  of  the  radiating  specie.  All  of  the 
statistical  temperatures  are  the  same  and  equal  to  the  kinetic  temperature 
only  when  there  is  complete  thermal  equilibrium.  Use  of  the  sodium  D- 
line  wavelengths  results  in  the  measurement  of  the  electronic  excitation 
temperature  of  the  radiating  species.  Although  there  are  major  departures 
from  equilibrium  in  the  reaction  zones  of  flames,  the  relatively  small 
departures  from  equilibrium  in  the  post-reaction-zone  region  do  not 
usually  produce  a major  difference  between  the  electronic  excitation 
temperature  and  the  kinetic  temperature  [8].  Therefore,  experimentally 
measured  post-reaction -zone  flame  temperatures  (using  the  sodium  D-line 
wavelengths)  have  generally  agreed  well  with  theoretically  predicted 
flame  temperatures,  as  well  as  with  flame  temperatures  measured  by 
other  techniques. 

The  Schmidt  method  assumes  equality  between  the  flame's  spectral 
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absorptance  (absorptivity)  and  spectral  emissivity,  that  is,  application 
of  Kirchhoff’s  law  to  the  flame.  Because  the  emission  and  absorption 
of  a gas  vary  strongly  with  wavelength,  Kirchhoff's  law  is  applicable 
to  gases  only  in  a sufficiently  na**row  spectral  band  [30].  The  sodium 
D-line  interference  filter  used  ir.  is  study  has  a one-half  peak-height 
spectral  band  width  of  0.001 5-ym,  and  the  application  of  Kirchhoff's  law 
is  assumed  to  be  valid  over  this  very  narrow  spectral  band. 

Also,  for  Kirchhoff's  law  to  hold  there  must  be  no  nonabsorbing 
attenuation  of  the  light  due  to  reflection  and  scattering  in  the  flame. 

That  is,  the  flame  must  be  clean  and  free  of  particulate  matter.  This 
same  consideration  was  also  important  in  the  infrared  absorption  measure- 
ments, thus,  only  uncatalyzed,  non-metallized  propellants  with  relatively 
high  AP  contents  were  used  in  this  study.  Since  these  propellant  formu- 
lations do  not  generate  large  quantities  of  particulate  matter,  the 
effects  of  flame  reflection  and  scattering  should  be  negligible.  However, 
the  super-adiabatic  flame  temperatures  measured  for  the  lowest  AP  content 
(80  wt.  %)  propellant  used  are  believed  to  be  caused  by  such  particulate 
effects.  This  condition  is  discussed  in  a following  section. 

Flame- temperature  Measurement  Technique 
A high-speed  camera  was  used  to  record  the  hot-gas  pyrometer’s 
signal  on  an  oscilloscope,  as  is  described  in  Appendix  C.  The  pyrometer 
signal  during  combustion  is  shown  in  Figures  C-1  and  C-2.  The  modified 
square  wave  form  is  the  result  of  the  mechanical  chopping  assent ly  and 
the  frequency  response  of  the  electronic  equipment.  All  measurements 
were  made  to  the  flat  minimum  and  maximum  regions  of  the  curve.  Originally, 
the  quantity  0^  was  recorded  before  and  after  each  run.  Howevr: , since 
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no  discrepancies  were  ever  observed  between  the  before  and  after  values, 
subsequently,  values  were  only  recorded  before  each  run.  The 
value  after  each  run  was  checked  visually  to  make  sure  that  it  had  not 
changed.  The  various  pyrometer  deflections  measured  from  the  16-mn  film 
were  used  as  input  data  for  a computer  program,  which  calculated  the 
Oj,  Oj,  and  values  and  then  calculated  the  flame  temperatures  from 
equation  (19).  A complete  description  of  the  data  reduction  technique 
is  given  in  Appendix  C. 

The  sodium  emission  was  obtained  by  adding  a small  amount  of  finely 
ground  sodium  chloride  to  the  propellant  formulations.  Temperature 
measurements  with  optimum  accuracy  are  obtained  for  absorptances  above 
20%  [30],  It  was  found  that  0.10  to  0.5Q  weight  percent  of  sodium 
chloride  was  adequate  to  produce  acceptable  absorptances  over  the  pressure 
range  studied  (25-100  psia).  In  fact,  at  the  highest  pressures  studied, 
the  0.50  NaCl  weight  percent  produced  nearly  blackbody  conditions  (a^^  = 
0.95). 

Flame-Temperature  Results 

The  time-varying  nature  of  the  flame  temperatures  is  described  in 
Chapters  IV  and  V and  will  not  be  discussed  in  this  section.  However, 
there  are  several  characteristics  of  the  measured  time-averaged  flame 
temperature  values  which  require  discussion. 

Figure  B-4  compares  the  measured  flame  temperatures  of  the  three 
different  AP-content  propellants  used  with  their  respective  adiabatic 
flame  temperatures.  The  experimentally  measured  values  plotted  are 
mean  values  from  steady-state  pressure  tests.  Over  the  pressure  range 
used,  50  to  100  psia,  the  adiabatic  flame  temperatures  only  increase 
slightly  (20-40°K)  with  pressure.  Therefore,  the  adiabatic  flame 
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FIGURE  B-4.  COMPARISON  OF  MEASURED  TIME-AVERAGE  FLAME  TEMPERATURES  FOR 
80,  82,  AND  85  WEIGHT  PERCENT  (w/o)  AP  PROPELLANT  WITH  THE 
CORRESPONDING  ADIABATIC  FLAME  TEMPERATURES. 
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temperature  at  75  psia  is  plotted  for  reference.  With  regard  to  the 
experimentally  measured  flame  temperatures,  increasing  the  pressure 
increases  the  sodium  0-line  absorptance  (absorptivity),  thus,  the 
temperatures  are  plotted  as  a function  of  the  measured  sodium  0-line 
absorptance. 

The  82  wt.  % AP  propellant  was  used  during  the  majority  of  this 
study  and  it  will  be  discussed  first.  The  measured  flame  temperatures 
for  this  propellant  were  2-7%  (50-175“‘<)  lower  than  the  adiabatic  flame 
temperature.  This  deviation  is  nonnal  and  reasonable  for  this  type  of 
non-adiabatic  combustion.  Also,  as  is  discussed  in  Chapter  IV,  the 
flame  temperature  appeared  to  decrease  slightly  (30-50'^K)  with  axial 
distance  from  the  propellant  surface  (between  3 mm  and  14  mni).  However, 
the  major  characteristic  of  the  measured  flame  temperatures  is  the 
absorptance  effect.  When  there  is  a temperature  gradient  alone  the  opti- 
cal path  in  the  gas,  the  temperature  measured  by  the  Schmidt  method  is 
an  average  value  over  the  path.  This  is  not  an  arithmetic  mean.  Regions 
of  higher  temperatures  are  weighted  more  because  of  the  curvature  of  the 
Planck  law  curve,  while  regions  closest  to  the  detector  are  weighted 
more  due  to  self-absorption.  The  result  is  that  the  average  value  is 
weighted  towards  higher  temperatures  for  lower  absorption  levels  and 
towards  lower  temperatures  at  higher  absorption  levels  [30].  This  effect 
is  apparently  observed  in  the  82  wt.  % AP  propellant  data,  with  the 
temperature  decreasing  approximately  150®K  between  an  absorptance  value 
of  0.40  and  0.90.  Almost  without  exception,  all  of  the  time-dependent 
temperature  profiles  reported  were  measured  with  an  absorptance  between 
0.40  and  0.80,  thus,  the  run  to  run  difference  in  the  mean  temperatures 
due  to  this  absorptance  effect  would  not  be  greater  than  100®K.  Since 
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the  absorptance  did  not  vary  greatly  during  a test,  this  absorptance 
effect  was  not  noticed  within  individual  tests. 

The  measured  flame  temperatures  for  the  80  wt.  % propellant  were 
all  2-4iS  (50-100°K)  higher  than  the  adiabatic  flame  temperature.  A 
slight  error  in  the  AP-content  of  the  propellant,  introduced  during  pre- 
partition,  could  cause  this  deviation.  However,  since  the  data  in  Figure 
B-4  came  from  tests  using  two  separate  propellant  batches,  this  cause  of 
the  deviation  is  unlikely.  As  is  discussed  in  Appendix  A,  these  flames 
had  a much  higher  level  of  continuum  flame  emission,  presumably 
the  result  of  a large  concentration  of  radiating  carbon  particles.  Car- 
bon particles  in  a flame  reduce  the  background-source  radiation  due  to 
scattering  and  reflection,  while  only  the  flame  emission  from  the  back 
side  of  the  flame  is  weakened.  Therefore,  the  sodium  emission  is  reduced 
less  than  the  background  radiation,  resulting  in  a measured  temperature 
which  is  artificially  high  [8].  ‘'■’lis  is  believed  to  be  the  cause  of  the 
high  temperature  values  for  the  relatively  dirty  80  wt.  % AP  propellant 
flames. 

The  measured  flame  temperatures  for  the  85  wt.  %>  AP  propellant 
were  6-10*  (170-270®K)  lower  than  the  adiabatic  flame  temperature.  Again, 
these  values  would  be  expected  to  be  lower  than  the  adiabatic  flame  tem- 
perature, but  not  by  this  great  of  an  amount.  The  reason  for  this 
deviation  is  not  readily  apparent. 

For  both  the  steady-state  and  oscillating  pressure  tests,  the  mean 
flame  temperatures  for  the  80,  82,  and  85  wt.  AP  propellants  increased 
with  an  increase  in  the  AP  content.  However,  the  magnitude  of  the  changes 
were  not  those  predicted  by  the  adiabatic  flame  temperature  data.  Although 
the  mean  temperature  values  are  most  likely  off  by  2-5%,  it  is  believed 
that  the  magnitude  of  the  observed  time-dependent  fluctuations  are  accurate. 


APPENDIX  C 


DATA  ACQUISITION  AND  REDUCTION 
Data  AcquisUion  Equipment 

The  output  signals  from  the  spectrometer,  the  electro-optical  hot- 
gas  pyrometer,  and  the  pressure  transducer  had  to  be  recorded  simul- 
taneously. This  combination  of  equipment  generated  data  at  a tremendous 
rate,  requiring  special  recording  and  measuring  equipment.  Precision 
tape  decks  can  be  used  when  the  spectrometer  Is  operated  at  its  slower 
scan  speeds.  However,  at  its  fastest  scan  speed,  800  scans  per  second, 
the  frequency  response  requirement  prevents  the  use  of  tape  decks. 

Five  pieces  of  information  had  to  be  measured  from  each  spectral  scan. 
Thus,  at  a scan  rate  of  800  spectra  per  second,  the  spectrometer 
generated  4000  pieces  of  useful  information  per  second.  The  electro- 
optical  hot-gas  pyrometer  generated  4500  temperature  measurements  per 
second,  or  9000  pieces  of  information  per  second.  The  problem  of  simul- 
taneously recording  these  data  was  solved  by  using  a high-speed  Fastax 
camera  (Wollensak  Model  WF-225)  to  record  an  oscilloscope  display  for 
later  analysis. 

The  three  output  signals  were  displayed  on  a multichanneled  oscillo- 
scope (Tektronix  Type  565).  The  Tektronix  Type  565,  a dual-beam 
oscilloscope,  was  equipped  with  a type  3A3  dual  channel  differen- 
tial amplifier  and  a type  2A63  single-channel  differential  amplifier. 

Both  the  scope  and  the  amplifiers  were  operated  in  the  DC-coupled  mode 
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and  had  a bandpass  of  DC  to  at  least  300  HZ.  The  Wollensak  Model  WF-22S 
camera  is  a 16-mm  oscillo-streak  camera.  It  is  equipped  with  both  magne- 
tic and  dynamic  braking,  which  allows  repeated  starting  and  stopping  on 
the  same  roll  of  film.  A Fastax  control  unit  (Wollensak  Model  J-515) 
was  used  to  coordinate  camera  operations  with  the  tests. 

The  oscilloscope  was  placed  on  its  side,  and  operated  without  time 
base.  This  produced  an  oscilloscope  display  of  horizontally  deflected 
dots,  with  the  vertical  streaking  motion  of  the  film  adding  the  time 
base.  A small  reference  light  was  attached  to  the  face  of  the  oscillo- 
scopt  to  provide  a reference  line  used  in  the  analysis  of  the  films.  A 
small  portion  of  film  is  shown  in  Figure  C-1 . The  camera  was  operated  at 
a film  speed  of  approximately  20  fps,  which  allowed  recording  data  from 
four  runs  on  each  100  foot  roll  of  film.  Eastman  Kodak  4-X  Negative 
Film  (4XN430)  was  used  to  record  most  of  the  data.  Some  of  the  initial 
data  were  recorded  on  Eastman  Kodak  Tri-X  Reversal  (TRX-430)  film.  How- 
ever, in  both  cases  the  film  was  developed  to  give  a negative.  Thus,  the 
oscilloscope  traces  appeared  as  dark  lines  on  a clear  background 
and  were  very  easy  to  analyze.  Even  though  only  small  segments  of  each 
run  were  analyzed,  this  data  recording  technique  provided  a permanent 
record  of  each  run,  without  affecting  the  resolving  power  of  the  spectro- 
meter. 

The  films  were  analyzed  on  a modified  Recordak  microfilm  reader, 
which  is  shown  in  Figure  C-2.  The  overall  magnification  of  the  Fastax 
camera  and  Recordax  reader  was  such  that  a 1-cm  deflection  on  the 
oscilloscope  corresponded  to  approximately  2 cm  on  the  film  reader.  An 
electro-mechanical  device  used  to  measure  the  oscilloscope  deflections 
recorded  on  the  film  was  added  to  the  reader.  The  slider  from  a precision 
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linear  potentiometer  (Gamewell  140TS100)  was  fastened  to  a moveable  hair- 
line assembly  mounted  on  the  display  screen  of  the  reader.  The  potentio- 
meter had  a 40kJl  resistance  and  a 1%  linearity.  The  fourteen-inch 
linear  travel  of  the  potentiometer  permitted  the  hair-line  assembly, 
which  was  mounted  on  p»-ecision  ball  bushings,  to  traverse  the  entire 
vertical  distance  of  the  display  screen.  The  output  from  the  potentio- 
meter, which  was  powered  by  a 12-volt  battery,  was  a direct  measure  of 
vertical  distances  on  the  display  screen.  An  oiialog-to-digital  (A/D) 
converter  (Teledyne  Philbrick  Model  4111)  was  used  to  convert  this  voltage 
signal  into  its  corresponding  binary  coded  decimal  (ECO)  signal  necessary 
to  drive  the  digital  printer  (Anadex  Model  DP-650A). 

The  following  procedure  was  used  when  reading  the  16-mrn  films 
(refer  to  Figure  C-1  and  Figure  C-2); 

1)  The  reference  line  immediately  below  the  spectrum  being  read 

was  lined-up  with  the  measuring  hair-line  while  the  hair-line 

assembly  was  resting  on  the  fixed  stops. 

2)  The  following  signals  were  then  recorded: 

a)  spectonieter  baseline  just  prior  to  the  spectrum 

b)  H2O  absorption,  ;i.90-|iiii  window.  CO2  absorption,  CO  absorp- 
tion, 5,3-pm  window. 

c)  the  two  adjacent  Df  signals  directly  above  the  spectrum,  and 
the  corresponding  Dr  0^  signal 

d)  the  pressure  directly  above  the  spectrum 

3)  The  film  was  advanced  to  the  next  spectrum,  and  steps  1 and  2 were 

repeated. 

Step  1 in  the  above  procedure  was  also  used  when  the  ten  "before-run" 
Hot-gas-pyrometer  baseline  and  signals  were  recorded.  The 
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reproducibility  of  measurements  made  with  this  equipment  corresponded  to 
i0.2'mm  deflection  on  the  oscilloscope  screen. 

Data  Reduction 

The  various  oscilloscope  deflections  measured  from  the  16-mm  film, 
in  the  form  of  the  digital  printout,  were  used  as  the  input  data  for  a 
computer  program,  and  all  data  reduction  was  done  on  a Uni  vac  1108  digi- 
tal computer.  The  output  from  the  computer  program  consisted  of  the 
reduced  unfiltered  data  in  tabular  form,  and  a plot  of  the  various  filtered 
variables  as  a function  of  laboratory  time.  The  plots  were  generated  by 
the  University  of  Utah  Computer  Center's  Gerber  plotter  (Model  ^622  Graphic 
Display  System). 


APPENDIX  D 


DIGITAL  FILTERING  ALGORITHM 

This  section  describes  the  digital  filtering  algorithm  used  to 
eliminate  the  high  frequency  "noise"  from  the  final  data.  The  nature 
of  the  "noise"  being  removed  is  thoroughly  discussed  in  Chapter  IV,  thus, 
only  Its  characteristics  relating  to  the  filtering  algorithm  will  be 
mentioned  here.  The  two  most  common  algorithms  used  for  digital 
smoothing  are  the  arithmetic  average  and  the  numerical  equivalent  of 
the  first  order  lag,  or  simply  called  digital  lag.  The  digital  lag 
algorithm  was  used  exclusively  In  this  work  and  will  be  the  only 
algorithm  discussed. 

The  numerical  equivalent  of  a simple  RC  low  pass  filter  was  first 
described  by  Jursik  [48]  and  then  later  by  Goff  [49]  and  Smith  [50].  The 
The  differential  equation  describing  the  first-order  lag  for  continuous 
signals  is 

+ y(t)  = x(t)  , (1) 

where  y(t)  is  the  input  signal  to  the  filter,  x(t)  Is  the  filter  output 
and  Tf  Is  the  time  constant  of  the  filter. 

This  equation  can  be  expressed  by  finite  different  os  and  rearranged 
to  yield 

yn  = axn  + (l-ct)yn-l  . (2) 

where  y^,  is  the  present  output  value,  y^^_^  is  the  previous  output  value. 
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Ap  is  the  present  input  value,  and  a is  a weighting  function.  The  time 
function  response  of  the  system  relates  the  weighting  function  a,  to 
the  filter  time  constant  and  the  sampling  time  interval  When 

Tf  is  considerably  larger  than  * a =Tss/Tf.  Thus,  the  filter's 
bandwidth  can  be  easily  varied  by  changing  the  value  of  the  weighting 
function  a.  If  a fixed  input  is  applied,  the  output  of  equation  (2) 
approaches  the  input  monotonically  at  a rate  proportional  to  both  the 
frequency  of  computation  and  the  value  of  a. 

The  basic  limitation  to  digital  lag  filtering  is  dictated  by 
Shannon's  sampling  theorem  [50],  which  states  that  if  the  continuous 
signal  is  to  be  completely  recovered  from  its  sampled  counterpart, 
the  sampling  frequency  must  be  at  least  twice  the  highest  frequency 
component  in  the  signal.  That  is  not  to  say  the  sampling  frequency 
has  to  be  at  least  twice  the  highest  frequency  of  interest. 

The  effective  sampling  frequency  of  the  equipment  was  800  Hz,  while 
the  observed  "noise"  was  only  200-300  Hz.  Thus,  the  requirement  of 
Shannon's  sampling  theorem  was  met,  and  digital  lag  filtering  was 
applicable  to  the  data. 

Before  the  digital  filtering  algorithm  was  applied  to  the  data,  its 
performance  was  tested  on  some  artifically  created  signals.  This 
preliminary  work  was  done  on  a Wang  2200  mini-computer  equipped  with  a 
plotter.  Figures  D-1  and  D-2  show  the  results  of  single  and  double  stage 
filtering  respectively.  The  original  signal  in  both  of  these  plots, 
y = sin(x)  + sin(llx-l)  + sin(17x-5),  has  a "noise"  which  is  typical  of 
that  found  in  the  experimental  data.  The  bottom  sin(x)  curve  in  each 
figure  is  the  signal  trying  to  be  recovered  from  the  original  input 
signal,  and  is  given  for  reference  only.  As  would  be  expected,  the  two 
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FIGURE  D-1.  PERFORMANCE  TEST  OF  THE  SINGLE-STAGE  DIGITAL  FILTER.  A)  input  signal:  y = sin  ( 
sin  (llx-1)  + sin  (17x-5),  B)  output  signal  for  a = tt/10,  C)  output  signal  for  a 
7T/20,  and  D)  sin  x,  for  reference  only.  (This  work  was  done  on  a Wang  2200  mini- 
computer.) 
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stage  filter  is  superior  to  the  one  stage  filter,  and  as  a is  increased, 
the  initial  value  effects  persist  for  a longer  time.  The  observed  gain 
and  phase  angle  of  the  digital  filter  compare  well  with  those 

predicted  by  the  Bode  diagram  for  the  particular  systems.  ^ 

Figures  D-3  through  D-8  show  the  results  of  the  two-stage  digital 
filtering  of  the  experimental  data.  Note  that  the  two  a's  used,  it/10 
and  tt/20,  are  the  same  as  those  used  in  the  preceeding  preliminary  testing. 

Since  all  five  variables  were  filtered,  the  phase  lag  problem  has  been 
implicitly  treated.  This  treatment  is  only  exact  when  all  the  variables 
have  the  same  frequency.  However,  any  errors  introduced  by  slight 
frequency  differences  would  be  small  and  were  not  treated.  The  gain 

ratios  predicted  by  the  Bode  diagram  were  used  to  approximately  adjust  | 

the  magnitudes  of  the  filtered  data.  Although  the  initial  value  effects  \ 

\ 

persist  longer  for  the  larger  value  of  a,  the  initial  portion  of  the  | 

data  in  all  cases  must  be  considered  erroneous.  Since  the  tt/10  value 
of  o gave  a reasonable  degree  of  filtering,  with  a minimum  amount  of 
initial  value  effects,  this  value  was  used  exclusively. 

Figures  D-9  and  D-10  show  the  unfiltered  and  filtered  data  from 
a single-pressure-pulse  test.  Again,  the  digital-lag  filter  was 
applied  to  all  the  variables.  Although  the  filtering  changed  the  shape 
of  the  initial  segment  of  the  pressure-pulse,  the  advantages  derived 
from  the  approximate  treatment  of  the  phase  lag  which  this  provided 
was  considered  to  out-weigh  the  slight  disadvantage  of  a distortion  in 
the  pressure  trace. 


FIGURE  D-4.  FILTERED  FORM  OF  THE  DATA  PRESENTED  IN  FIGURE  D-3.  (two-stage  filter,  a = r/10) 
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FIGURE  0-6.  UNFILTERED  DATA  FROM  A 55  Hz,  OSCILLATORY-PRESSURE  TEST.  (82  wt.  % AP  propellant 
[UFP],  3-5  nm,  Run  No.  6-31574) 
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FIGURE  D-9,  UNFILTERED  DATA  FROM  A SINGLE-PRESSURE-DECREASE-PULSE  TEST.  (80  wt.  % AP  propellant 
[UFI],  3-5  mm.  Run  No.  5-4474) 
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APPENDIX  E 


EQUILIBRIUM  COMBUSTION  COMPUTER  PROGRAM 

An  equilibrium  combustion  computer  program  was  used  during  various 
aspects  of  this  study.  The  computer  program  used  was  written  by  Curtis 
Selp,  Robert  Hall,  Gerald  Cahill  and  Robert  Patton;  and  it  was  obtained 
from  the  United  States  Air  Force  Rocket  Propulsion  Laboratory,  Edwards 
Air  Force  Base.  The  program  is  very  general  and  it  is  capable  of  calcu- 
lating many  of  the  standard  rocket  motor  parameters  (i.e.,  optimum 
specific  impulse,  ionized  exhaust  products,  and  equilibrium  combustion 
products  in  the  combustion  chamber,  throat,  and  nozzle  of  a rocket  motor). 
However,  in  this  study  the  program  was  only  used  to  calculate  the  adia- 
batic flame  temperature  and  the  equilibrium  combustion  products  in  the 
chamber.  The  program  will  work  with  a system  containing  up  to  thirty-two 
elements.  The  following  input  data  were  required  for  each  run: 

1)  A list  of  propellant  ingredients  and  their  respective  thermo- 
chemical data. 

a)  heat  of  formation,  (kcal/formula  wt.) 

b)  density,  g/cc 

c)  name  and  amount  of  elements  making  up  each  ingredient 

2)  chamber  and  exhaust  pressure. 

3}  the  propellant  formulation,  in  weight  percent  of  the  listed 


ingredients. 
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A copy  of  a typical  computer  output  is  given  in  Table  E-1.  The  first 
column  of  gas  properties  is  for  the  combustion  chamber,  while  the  second 
is  for  the  exhaust  conditions.  Included  in  the  list  of  gas  properties  is 
the  adiabatic  flame  temperature,  and  the  equilibrium  specie  composition 
given  in  moles/100  grams.  In  addition  to  this  output,  the  computer 
program  lists  the  species  considereo,  based  on  the  input  ingredients. 

The  propellants  studied  in  this  wcrk  were  exclusively  ammonium 

perchlorate  (AP)  and  hydroxyl -terminated-polybutadiene  (HTPB)  based 

composite  solid  propellants  {see  Appendix  G).  The  thermochemical  data 

used  for  the  HTPB  was  obtained  from  Thiokol  Chemical  Corporation  in 

Brigham  City,  Utah.  The  HTPB  has  a heat  of  formation  of  4 kcal/100  gm,  a 

density  of  0.899  g/cc,  and  an  elemental  composition  of  C,  ,,,  H,- 

7*  271  1 0i 982 

°0. 094^0. 007- 

Table  E-2  gives  the  adiabatic  flame  temperatures  and  the  major 
species  concentrations  for  even  AP  weight  percent  (wt.%)  propellants 
(between  80  and  92  weight  percent)  containing  1.2  wt.%  NaCl  and  1/2  wt.% 
carbon  black.  These  adiabatic  temperature  data  are  plotted  in  Figure 
E-1  as  a function  of  the  propellant  AP  content.  The  species  concentra- 
tions are  plotted  as  a function  of  the  propellant  AP  content  in  Figure 
E-2.  The  flame  temperature  and  the  species  concentration  data  for  the 
82  AP  wt.%  propellant  are  plotted  in  Figure  E-3  as  a function  of  the 
combustion  chamber  pressure. 

Since  propellants  containing  0.10,  0.25  and  0.50  wt.%  NaCl  were 
used  in  this  study,  the  effect  of  a small  change  in  the  NaCl  content 
on  the  flame  temperature  and  composition  was  studied.  Table  E-3  gives 
the  adiabatic  flame  temperatures  and  the  major  species  concentrations 
for  80,  82  and  85  AP  wt.%  propellants  containing  1/2  wt.%  carbon  black 


and  no  NaCl . 
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TABLE  E-1 

EQUILIBRIUM  COMBUSTION  COMPUTER  PROGRAM  OUTPUT  FOR 
AN  82  WEIGHT  PERCENT  AP  PROPELLANT  CONTAINING 
1/2  WEIGHT  PERCENT  CARBON  BLACK.  {75  psia) 


UNIVERSITY  OF  UTAH  CHEMICAL  ENGINEERING  DEPARTMENT 
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FIGURE  E-l.  ADIABATIC  FLAME  TEMPERATURES  FOR  AP-HTPB  PROPELLANTS  NITH 
VARIOUS  AP  CONTENTS.  (1/2  Mt.  % NaCI , 1/2  wt.  % carbon 


equilibrium  concentrations,  mole  froction 


69 


0.36 


0.34  U / 

0.32 1- 
0.30  p 

0.28  k / 

0.26  k / 

0.24  k 

0.22  k 

0.20  k\  \ 

0.18k  N.  HCI  

0.16k  ^ — \ 

\ \ CO2 

0.12  k \ \ ^ ^ 

0.1  ok 

^ \.C0 

0.06  k \^2  \ 

0.04  k 

0.02  k 

I — I J I I I 

®0  82  84  86  88  90 

WEIGHT  PERCENT  AMMONIUM 

""  “ sksmS'-^ 


170 


FIGURE  E-3.  TEMPERATURE  AND  CONCENTRATION  DATA  FOR  AN  82  WEIGHT  PERCENT 
AP  PROPELLANT  AT  VARIOUS  COMBUSTION  CHAMBER  PRESSURES. 
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The  data  in  Tables  E-2  and  E-3  set  the  upper  and  lower  limits  for 
the  NaCl  wt.%  range  used  In  this  study.  Comparison  of  these  data 
clearly  Indicates  that  this  1/2  wt.%  NaCl  change  has  a relatively 
small  effect  on  both  the  flame  temperature  and  composition.  Therefore, 
the  effect  of  the  smaller  NaCl  content  variation  of  the  propellants 
used  was  assumed  to  be  negligible. 


APPENDIX  F 


PROPELLANT  FORMULATIONS  AND  PREPARATION 

The  propellants  used  in  this  study  were  exclusively  composite 
propellants  consisting  principally  of  anmonium  perchlorate  (AP)  and 
hydroxyl -terminated-polybutadiene  (HTPB).  All  of  the  propellants  were 
prepared  at  the  University  of  Utah  in  the  Chemical  Engineering  Depart- 
ment's propellant  mixing  facility. 

The  propellants,  with  one  exception,  had  a bimodal  AP  particle 
distribution.  The  exception  was  one  propellant  that  had  a unimodal 
particle  distribution.  However,  in  all  cases,  only  two  AP  particle 
size  distributions  were  used.  The  course  AP  was  -48  + 100  mesh 
(150-300  urn)  and  was  sieved  at  the  University  of  Utah's  propellant 
mixing  facility  in  Tyler  standard  screens.  The  fine  AP  was  ground  by 
the  Thiokol  Chemical  Corporation  and  was  classified  as  15-um.  The 
course  AP/fine  AP  weight  ratio  was  60/40  for  all  the  bimodal  propellant 
formulations. 

Thiokol  Chemical  Corp.  supplied  the  HTPB  (Arco  Chemical  Co.,  R-45) 
and  its  thermochemical  data  (see  Appendix  E)  used  in  the  equilibrium 
combustion  calculations.  Isophrone  di isocyanate  (IPDI),  manufactured  by 
the  Midland  Div.  of  the  Dexter  Corp.,  was  used  as  the  HTPB  curing  agent. 
An  HTPB/IPDI  weight  ratio  of  92.53/7.47  was  used  for  all  the  propellant 
formulations.  The  carbon  black  used  was  manufactured  by  the  Cabot 
Corporation  (Regal  SR,  GP-6406),  and  the  sodium  chloride  (Baker  Chemical 
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Co.»  reagent  grade)  was  ground  and  sieved  to  >325  mesh  (less  than  43  ym). 

Approximately  a dozen  different  propellant  formulations  were  made 
and  used  during  various  aspects  of  this  study.  The  compositions  of  the 
propellants  used  for  the  majority  of  the  tests,  including  all  of  the 
reported  tests,  are  given  in  Table  F-1. 

Mixing  Procedures 

A water-heated  sigma -blade  mixer,  equipped  with  a variable-speed 
drive  and  enclosed  in  a vacuum  chamber,  was  used  to  mix  the  propellants. 
Although  the  mixer  could  handle  propellant  batches  from  3C0  to  700  greuns, 
the  batches  were  typically  500  or  600  grams.  All  propellant  ingredients 
were  weighed  on  a triple  beam  balance.  The  following  procedure  was 
followed  each  time  a batch  of  propellant  was  prepared: 

a)  Several  hours  prior  to  preparing  a batch  of  propellant  the  mixer's 
constant-temperature, circulating-water  bath  and  the  heated  vacuum 
oven  were  turned  on  and  allowed  to  reach  steady-state.  Both  were 
operated  at  a temperature  of  60®C. 

b)  The  AP  was  weighed  and  added  to  the  mixer.  The  course  AP  was 
added  first. 

c)  The  carbon  black  and  sodium  chloride  were  weighed  and  added  to 
the  mixer. 

d)  The  HTPB  and  then  the  IPOI  were  weighed  and  added. 

e)  The  vacuum  chamber  was  sealed  and  the  vacuum  pump  started. 

f)  The  chamber  was  held  at  a low  pressure  for  15  to  20  minutes  in 
order  to  de-aerate  the  mixture. 

g)  The  mixer  was  started  and  operated  for  fifteen  or  twenty  minutes. 

h)  The  mixer  was  turned  off  and  the  vacuum  released. 
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1)  The  sides  and  blades  of  the  mixer  were  scraped  with  a spatula. 

j)  Steps  e through  h were  repeated. 

k)  The  propellant  was  examined  to  make  sure  that  It  was  homogeneous. 
If  not»  steps  e though  h were  repeated  once  more. 

l)  The  propellant  was  placed  In  a preheated  aluminum  pan  to  form 
a sldh  approximately  2.5  cm  thick. 

m)  The  pan  of  propellant  was  placed  In  the  60^C  vacuum  oven  and 
held  at  a low  pressure  for  approximately  10  to  15  minutes  In 
order  to  de-aerate  the  propellant  slab. 

n)  The  pan  of  propellant  was  then  placed  In  an  atmospheric  curing 
oven  at  58®C  for  four  to  five  days. 

The  cured  propellant  slab  was  properly  marked  and  then  stored  In  the 
propellant  locker.  The  procedure  used  for  cutting  propellant  strands 
from  these  propellant  slabs  Is  discussed  In  Chapter  II. 


APPENDIX  G 


ADDITIONAL  DATA  FROM  CONSTANT  AND  TRANSIENT  PRESSURE  TESTS 

The  additional  data  presented  In  this  section  are  from  the  type 
of  tests  described  In  Chapter  IV.  and  they  supplement  the  discussion 
regarding  constant-pressure.osclllatory  pressure, and  slngle-pressure- 
pulse  tests  found  In  that  chapter.  The  Individual  figures  are  clearly 
labeled  so  that  the  data  can  be  easily  interpreted. 


FIGURE  G-1.  CONCENTRATION  PROFILES  FROM  A CONSTANT-PRESSURE  TEST.  (82  wt.  % AP  propellant  [UFNj 
3-5  mn.  Run  No.  4-122873) 


FIGURE  G-2.  CONCENTRATION  PROFILES  FROM  A CONSTANT  PRESSURE  TEST.  (82  wt.  % AP  propellant  [UFN] 
3>5nn.  Run  No.  6-122873) 
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FIGURE  G-4.  TEMPERATURE  AND  PRESSURE-CORREC 
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6-6.  TEMPERATURE  AND  CONCENTRATION  PROFILES  FOR  A 31  Hz. 
(82  wt.  % AP  propellant  [UFN],  3-5  nin.  Run  No.  7-43i 


FIGURE  G-8.  TEMPERATURE  AND  CONCENTRATION  PROFILES  FOR  A 31  Hz.  OSCILLATORY-PRESSURE  TEST. 
(82  wt.  % AP  propellant  [UFP],  3-5  ran.  Run  No.  5-4374) 


FIGURE  6-9.  TEHPERATURE  AND  CONCENTRATION  PROFILES  FOR  A SINGLE-PRESSURE-DECREASE-PULSE  TEST 
(82  wt.  X AP  proi>el1ant  [UFP}.  3-5  am.  Run  No.  1-31574) 


FIGURE  G-10.  TEMPERATURE  WD  PRESSURE-CORRECTED  ABSORBANCE  PROFILES  FOR  A SINGLE-PRESSURE-DECREASE 
PULSE  TEST.  (80  wt.  % AP  propellant  [UFO],  3-5  itm.  Run  No.  2-31574) 


FIGURE  G-n.  CONCENTRATION  PROFILES  FOR  A SINGLE-PRESSURE-INCREASE-PULSE  TEST.  (82  wt.  % AP 
propellant  [UFN],  12-14  urn.  Run  No.  6-13074) 


FIGURE  Q-13.  TE)f>ERATUR£  AMD  COMCEMTRATIOM  PROFILES  FOR  A SIMGLE-PRESSURE-INCREASE-PULSE  TEST. 
(82  wt.  t AP  propellant  [UFM],  3-5  nm.  Run  No.  8-4374) 


APPENDIX  H 
TABULATED  DATA 

The  unfiltered  data  for  all  the  tests  reported  are  presented  in 
tabular  form  In  this  section.  The  data  are  labeled  with  the  run  number 
as  well  as  the  Figure  number  where  the  data*  or  Its  filtered  counterpart, 
are  presented  graphically.  Also,  the  axial  position  with  respect  to 
the  propellant  surface  where  the  data  were  measured  Is  (j.ven  for  each 
test. 

The  composition  data  for  the  82  weight  percent  AP  propellant  are 
are  reported  as  mole  fractions,  however,  the  data  for  the  8D  and  85 
weight  percent  AP  propellants  are  reported  as  pressure-corrected 
absorbances.  The  flame  radiation  data  for  the  flame-emisslon-only 
tests  are  reported  In  arbitrary  film-reader  units.  The  measured 
sodium  D-llne  absorptance  (absorptivity)  Is  Reported  for  almost  all 
of  the  tests. 


Run  Ho.  1-3774  (Figure  6,  p.  42)  (82  wt.  % AP  propellant  [UFN],  constant  pressure) 
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I^n  No.  1-3774  continued 


1*3772  (Figure  8»p.  47)  (82  wt.  X AP  propellant  [UFI],  constant  pressurOt  3*5  m) 
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. 1-3774  (Figure  10,  p.  49)  (82  wt.  S AP  propellent  [UFN),  constant  pressure,  12-14  sm) 
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. 5-31474  (Figure  13,  p.  52)  (82  wt.  * AP  propellant  [UFP],  constant  pressure,  3-5  aa) 
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Run  No.  1-3774  (Figure  14,  p.  56)  (82  i#t.  < AP  propellant  CUFNj,  constant  pressure,  3-5  mm) 
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Run  No.  1-3774  (Figure  15,  p.  57)  (82  wt.  * AP  propellant  tUFH],  constant  pressure,  12-14  mu) 
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R*;it  No.  2>31474  (Figure  18,  p.  87)  (80  wt.  t AP  propellant  CUF0}»  8 Hz.  oscillatory  pressure*  3*5  m) 


210 


^ 90  # t «4«a  •«<«««  4*^  ^ •0«MF»««A>8««t*MOOlV 


;u4stsuss:4xisssx2::3xi:;i|;;n2sss|isii|stit;sss7s;s8s 

• 4«¥t»»S**o«^<F«84s»#Lf  o»ooo5  a«Foo  ao tj&»«o«p  «p8  »#• 


388ns{:tsts;s332i;:ss32ssss<3S«;;xKSS8s8^5m8st;79t8 

aw«eaaa«4n«e«e«a«ea9a««aoo#«aac^«e»a«eaae«i«4«4«e^a4«4^H^H^M«a«*o«e«««a«e«a«e«a«e*a 


3HnSt:Hn2Si!SS3S£n!HH?iiJUS:H3S:ia2!i!3S3IS 


tie’ll' 


<M  AFN9N»««««e«4«e  »e«««*<e.eaau4«‘<»aaf4Hf4*««er«»««4A»^«^*^#«0«Ww4:iF»f^^«###aa 


Nn*i..^4i>5-322fi35^SSi5«323«j;SS.’!S23J{SJ|J;43j;77J-;#;:?7»» 


Run  No.  2-31474  continued 
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Run  No.  1-22174  (Figure  19,  p.  69}  (82  wt.  X AP  propellant  [UFN],  22  Hz.  oscillatory  pressure,  12-14  m) 
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Run  No.  5-4474  (Figure  24,  p.  76)  (80  wt.  % AP  propellant  [UFI3»  single-pressure-decrease-pulse,  3-5  nm) 
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Run  No.  1-31574  (Figure  26,  p.  79)  (82  wt.  t AP  propellant  [UFP],  single-pressure-increase-pulse,  3-5  en) 
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Run  No.  7-4474  (Figure  27,  p.  80)  (80  wt.  % AP  pro^llant  [UFQ],  slngle-pressure-lncrease-pulse,  12-14  inn) 
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Run  No.  7-4474  continued 
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Run  No.  1-4474  (Figure  A-3,  p.  108)  (82  wt.  % AP  propellant  [UFP],  constant  pressure,  3-5  mm) 
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Run  No.  3-31574  (Figure  A-4,  p.  110)  (82  wt.  % AP  propellant  [UFP],  constant  pressure,  3-5  mm) 
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Run  No.  3-31574  (Figure  A-5*  p.  Ill)  (82  wt.  S propellant  [UPP]*  constant  pressure*  3-5  iwn) 
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Run  No.  6-31574  (Figure  D-6,  p.  159)  (82  wt.  X AP  propellant  [UFP],  55  Hz.  oscillatory  pressure.  3-5  nm) 
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Run  No.  4-122873  (Figure  G-1,  p.  178)  (82  wt.  t AP  propellant  [UFN],  constant  pressure,  3-5  Pim) 
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Run  No.  1-31474  (Figure  G-3,  p.  180)  (82  wt.  X AP  propellant  [UFP],  10  Hz.  oscillatory  pressure,  3-5  ran) 
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Run  No.  7-31574  (Figure  G-4,  p.  181)  (80  wt.  % AP  propellant  [UFO],  50  Hz.  oscillatory  pressure,  3-5  nm) 
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Run  No.  9-4474  (Figure  G-5,  p.  182)  (85  wt.  i AP  propellant  [UFR],  51  Hz.  oscillatory  pressure,  3-5  nn) 
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Run  No.  9>4474  continued 
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Run  No.  3-31474  (Figure  G-7,  p.  184)  (82  wt.  X AP  propellant  [UFP],  31  Hz.  oscillatory  pressure,  3-5  mn) 
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Run  No.  3-31474  continued 
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Run  No.  5-4374  (Figure  G-8,  p.  185)  (82  wt.  % AP  propellant  [UFP],  31  Hr.  oscillatory  pressure,  3-5  mm) 
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Run  No.  1-31574  continued 
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Run  No.  1-31574  continued 
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Run  No.  2-31574  (Figure  G-10,  p.  187)  (80  wt.  % AP  propelli.pt  [UFO],  single-pressure-decrease-pulse,  3-5  nm) 
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Run  No.  6-13074  (Figure  G-11,  p.  188)  (82  wt.  % AP  propellant  [UFN],  single-pressure-increase-pulse,  12-14  mm) 
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Run  No.  2-2674  continued 
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Run  No.  5-^^74  continued 


NOMENCLATURE 


Description 

exposed  surface  area  of  the  oxidizer  per 
total  propellant  surface  area 

exposed  surface  area  of  the  fuel  per 
total  propellant  surface  area 

proportionality  constant  of  electro-optical 
hot-gas  pyrometer  system 

concentration  of  absorbing  component 

physical  constant 


physical  constant 

hot-gas  pyrometer  signal  due  to  flame 
emission 

hot-gas  pyrometer  signal  due  to  flame 
transmitted  radiation  from  the  back- 
ground radiation  source 

hot-gas  pyrometer  signal  due  to 
background  radiation  source 

Beer-Lartbert  spectral  absorption 
coefficient  at  wavelength  X 

characteristic  length  associated  with 
Initially  depleting  the  propellant 
surface  of  one  Ingredient  during 
depressurization 

optical  path  length  In  flame 

ratio  of  Incident  radiant  power  at 
wavelength  X to  the  Incident  radiant 
power  at  3.90  ym 

ratio  of  flame  emission  at  3.9  pm  to 
the  flame  emission  at  wavelength  X 


Units 


mol es/1 Iter 
3.74x10'^^ 

2 

•(watts/cro  ) 
1.439“K  cm 
mv 


mv 


mv 


£/cm  moles 


cm 


cm 

dimension 

less 


dimension 

less 
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N (AdiT  ) spectral  radiance  of  the  projected  image  of 
^ ^ the  background  radiation  source  over  the 

Na  D-line  filter  spectral  bandwidth 

N^(XD.Tf)  spectral  radiance  of  a blackbody  at  the 
true  flame  temperature  over  the  Na  D-line 
filter  spectral  bandwidth 

N^(XD.Tps)  spectral  radiance  of  a blackbody  at  the 
^ brightness  temperature  of  the  projected 
image  of  the  background  radiation  source 
over  the  Na  D-line  filter  spectral 
bandwidth 

Ns(A  jP)  spectral  radiance  of  the  tungsten  fila- 
^ ment  at  the  optical  pyrometer  wavelength 


spectral  radiance  of  the  tungsten 
filament  at  the  Na  D-line  wavelength 


P 


0 

A 


incident  radiant  power  at  wavelength  A 
from  the  infrared  radiation  source 


watts 
cm  *Sr*pm 

watts 
cm  'Sr* pm 

watts 
cm  -Sr* pm 


watts 

2 c 

cm  • Sr*  pin 

watts 
cm  *Sr*pm 

watts 


P,  transmitted  radiant  power  at  wavelength  A watts 

from  the  infrared  radiation  source 


h 

°A 

p; 


r 


T 


s 


flame  emission  at  wavelength  A watts 

time- average  value  of  the  flame  emission  watts 

fluctuating  component  of  p^^  watts 

characteristic  mean  regression  rate  cm/ sec 

associated  with  depleting  the  propellant 
surface  of  one  ingredient  during  the 
initial  depressurization 


true  temperature  of  projected  image  of  the 
background  radiation  source 

brightness  temperature  measured  at  Ap  of  ®K 

the  projected  image  of  the  background 
radiation  source 

brightness  temperature  measured  at  Ap  “K 

of  the  projected  image  of  the  background 
radiation  source 

true  temperature  of  tungsten  filament 
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1 

brightness  temperature  measured  at  Xp  of  the 
tungsten  filament  (optical  pyronster  reading) 

■rb 

‘s 

brightness  temperature  measured  at  Xq  of  the 
tungsten  filament 

°K 

Tf 

true  flame  temperature 

°K 

^ss 

sampling  time  interval  associated  with 
taking  digital  data 

msec 

"ox 

oxidizer  gasification  rate  per  exposed 
surface  area  of  oxidizer 

qm 

sec. cm 

"fuel 

fuel  gasification  rate  per  exposed 
surface  area  of  fuel 

qm 

sec. cm 

x(t) 

output  signal  from  filter 

"n 

present  input  value  to  digital -lag  filter 

y(t) 

input  signal  to  filter 

present  output  value  from  digital -lag  filter 

^n-l 

previous  output  value  from  digital -lag  filter 

Greek 

Letters 

T 

characteristic  time  of  propellant  during 
depressurization 

msec 

CO 

characteristic  frequency  associated  with 
initial  gas-phase  composition  fluctuation 
during  depressurization 

Hz. 

wavelength 

ym 

Na  D-line  wavelength 

0.5896-ym 

optical  pyrometer  wavelength 

0.653-ym 

AXp 

spectral  bandwidth  of  the  Na  D-line 
interference  filter 

ym 

"fx 

effective  flame  emissivity  over  the  spectral 
bandwidth  of  the  Na  D-line  interference 
filter 

dimension- 

less 

^*fX 

effective  absorptance  cf  the  flame  over  ^e 
spectral  bandwidth  o^  the  Na  D-line  filter 

dimension- 

less 
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tungsten  at  the  optical 
pyrometer  wavelength 

dimension- 

less 

w»elei;Jfh 

dimension- 

less 

'f 

time  constant  of  the  digital-lag  filter 

msec 

a 

weighting  function  of  the  digital-lag  filger 

dimension- 

less 
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